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There is growing evidence that continued emissions of greenhouse gases from anthropogenic 
activities associated with climate warming are responsible for widespread, severe and irreversible 
impacts leading to insecurity of food supply to support the needs of increasing population growth. 
Improved use of agricultural land and management practices can result in increased soil carbon 
sequestration and are critically important to maintain productivity and mitigate the effects of 
anthropogenic carbon dioxide emissions. Globally, there is a trend towards intensification of 
grassland systems to increase agricultural productivity. While this ensures increased pasture growth, 
and supports higher number of grazing animals per unit area, the impacts on ecosystem carbon 
dynamics remain largely unknown. This is of particular importance in New Zealand, where grasslands 
occupy large areas and where there is rapid and widespread expansion of intensification using 
irrigation and nitrogen fertilisers to convert traditional extensively grazed sheep and beef pastoral 
systems to dairy farming. The research in this thesis investigates the following question: Will the 
conversion to intensive dairy farm management result in soil carbon sequestration in New Zealand 
managed grasslands? 
The ability to quantify and predict the impacts of changing management practices on soil carbon 
stocks and their potential feedbacks on atmospheric CO2 concentration largely depends on our 
ability to understand the mechanisms regulating changes in the components of the net ecosystem 
carbon balance: gross photosynthesis, ecosystem respiration, and the autotrophic and heterotrophic 
components of soil respiration. To investigate the impacts of management practices on these 
components, I designed a series of laboratory and field experiments on shallow, stony soils in 
Canterbury, New Zealand, that are characteristic of sites where widespread conversion to dairy 
farming is occurring. The experimental treatments allowed measurement and modelling of the 
effects of irrigation, addition of nitrogen fertiliser and intensive grazing management. To account for 
variations in above-ground biomass through seasons and grazing cycles, I developed a phytomass 
xix 
 
index and used this in models to interpret changes in the components of carbon balance. Changes in 
carbon dynamics under irrigation and nitrogen addition were dominated by above-ground processes 
and consistently resulted in increased net ecosystem productivity. Measuring the effects of the 
treatments during the first year after a simulated conversion of dryland to dairy farming, I showed 
net losses of carbon from the ecosystem, ranging from 284 gC m-2 y-1 to 540 gC m-2 y-1 across 
combinations of irrigation and nitrogen addition treatments, although uncertainties were large, so 
that differences were not significant. From the findings, I hypothesise that losses of carbon from the 
grassland soil at this study site will continue to exceed ecosystem carbon inputs, despite increased 
above-ground productivity. To explore this further, I adopted and improved techniques using stable 
isotopes of carbon to measure rates of soil organic matter decomposition in the field, while avoiding 
disturbance to the soil environment. The findings showed no effects of irrigation and addition of 
nitrogen fertiliser on the rates of soil organic matter decomposition. I used indices of soil physical 
protection of organic matter to interpret differences in the rates of decomposition and provided 
direct evidence to support the emerging theory that soil organic matter decomposition is 
predominantly regulated by microbial access to the carbon substrate.  
From earlier studies on long-term changes in soil carbon stocks and the new insights from my 
research, I conclude that there is no evidence that conversion to intensive dairy farming on shallow, 
stony soils in New Zealand leads to beneficial effects for soil carbon stocks. The effects are likely to 
depend on soil type and management practices that determine the level of organic matter 
protection and its stability and more research is needed to identify mechanistic linkages between 
soil organic matter dynamics and soil structure.  
The new insights from my findings have important implications for our ability to model and 
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1.1 Terrestrial ecosystems and global change 
Climate change is one of the greatest global issues of the 21st century. Anthropogenic emissions 
of greenhouse gases have grown since pre-industrial times, increasing by 80% between 1970 and 
2010, with an acceleration in the last decade to reach 8.7 Pg C y-1 in 2010 (IPCC, 2014). Continued 
emissions of greenhouse gases are very likely to cause further warming and other severe, 
widespread and irreversible impacts globally, including species extinction and food insecurity (IPCC, 
2014).  
The terrestrial biosphere absorbs approximately one third of anthropogenic carbon emissions 
(Schimel et al., 2001) and is crucial for mitigating the increase of carbon dioxide (CO2) concentration 
in the atmosphere (Pachauri et al., 2014). With an estimated 2 344 Pg C, soils are the second largest 
pool of carbon on Earth (after the oceans, 38 400 Pg C) (Jobbagy and Jackson, 2000). Small changes 
in this reservoir could release a large amount of carbon to the atmosphere compared with 
anthropogenic emissions (Rustad et al., 2000). Conversely, land management practices that result in 
soil carbon sequestration represent an opportunity to partly offset these emissions (Paustian et al., 
1997; Lal, 2004; Stockmann et al., 2013). Agricultural lands represent over 15% of global carbon 
emissions, reaching 1.5 Pg C y-1 in 2012 (FAOSTAT, 2012). Historically, soil carbon stocks in these 
systems have been depleted severely due to poor management (Lal, 2004, 2009). Part of this carbon 
can be regained, and the mitigation potential for carbon sequestration in agricultural soils (not 
accounting for the potential reduced losses) was estimated to be around 1.3 Pg C y-1 by 2030 (Smith 
et al., 2013). Globally, grasslands are a central element of the carbon cycle. Grazed grasslands cover 
26% of the earth’s ice free land surface (Steinfeld et al., 2006) and contain about 12% of global soil 
organic carbon (Schlesinger, 1977). They represent 70% of agriculture lands (FAOSTAT 2012) and are 
estimated to account for up to 23% of the mitigation potential of total agriculture.  
As well as addressing the issue of rising atmospheric CO2 concentration, sequestering carbon in 
the soil can improve characteristics that support resilience and sustainability. Indeed, carbon 
constitutes 58% of soil organic matter (Stockmann et al., 2013), a key component involved in the 
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numerous terrestrial ecosystem services provided by soils. Lal (2009) summarised the benefits of soil 
organic matter in these terms: soil organic matter is necessary to maintain satisfactory soil structure, 
nutrient availability, biological activity, retention of water and support for biodiversity. It also 
decreases the risk of erosion, improves the use efficiency of inputs (nutrients, water) and increases 
ecosystem resilience. Particularly relevant in agricultural lands, soil organic matter enhances soil 
productive capacity, a necessary requisite to sustain food production on the long-term.  
There is an urgent need to identify agricultural management practices that result in increased soil 
carbon sequestration as they represent an essential strategy in the context of global change to both 
significantly contribute to climate mitigation and to secure sustainable food production to tackle 
current and projected food insecurity. 
1.2 The terrestrial carbon cycle 
Terrestrial ecosystems may be sinks or sources of carbon to the atmosphere depending on the 
balance between carbon inputs (photosynthesis, imports of organic matter) and losses (ecosystem 
respiration, product exports, leaching) (Chapin et al., 2006; Paterson et al., 2009). The net ecosystem 
carbon balance (NB) is defined as: 
NB = − FN + Fimport – Fexport − Fleach − Ferosion (1.1) 
where FN is the net ecosystem CO2 exchange, Fimport is the carbon imported in supplementary feed, 
animal excreta and manure, Fexport is the carbon exported in harvested plant biomass for farm 
production, Fleach is the carbon lost via leaching through soil to groundwater and Ferosion is carbon lost 
or gained through erosion. Following the micrometeorological convention, a positive sign of NB 
indicates a terrestrial sink of carbon and a positive sign of FN indicates a terrestrial source of CO2. 
For pastoral agriculture, the primary purpose of intensive grassland management is to maximise 
the exports through increased feed productivity to support number of grazing animals, with a direct 
effect on Fexport and Fimport. On the flat topography where most dairy farms occur in New Zealand, 
Ferosion can be considered negligible (Mudge et al., 2011). Furthermore, Fleaching is expected to be 
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reduced through enhancing organic carbon sequestration in the soil (Lal, 2009), so that overall, FN 
appears to be the primary component of the carbon balance on which soil carbon sequestration 
depends. 
The net ecosystem CO2 exchange is the balance between CO2 fluxes into the ecosystem (gross 
canopy photosynthesis, A, also referred to as gross primary production) and out of the ecosystem 
(ecosystem respiration, RE). The input of carbon to terrestrial ecosystems is by photosynthesis and 
this removes approximately 120 Pg C y-1 from the atmosphere globally (Schlesinger, 1997). About 
two third of the carbon losses are derived from soil respiration (RS), the rest being released by 
above-ground plant respiration, also referred to as leaf respiration (RL) (Schlesinger and Andrews, 
2000). Release of CO2 from the soil (RS) can be partitioned conceptually in varying number of sources 
(Kuzyakov, 2006). A common approach is to distinguish the CO2 released from the soil as a 
consequence of root activity and their associated mycorrhizal fungi and rhizosphere microbes 
(autotrophic respiration, RA) from CO2 released from microbial degradation of soil organic matter 
(heterotrophic respiration, RH). Thus, the net ecosystem CO2 exchange is defined as: 
FN = RL + RA + RH – A. (1.2) 
Partitioning soil respiration into its autotrophic and heterotrophic components is particularly 
important. The CO2 released to the atmosphere as a consequence of RA is derived from the rapid 
turnover of recently assimilated carbon and is believed to obscure the consequences of total soil 
respiration in soil carbon dynamics (Cheng and Kuzyakov, 2001). Only CO2 derived from soil organic 
matter decay (RH) contributes to changes in the long-term soil carbon profile and in atmospheric CO2 
concentrations (Kuzyakov, 2006). Therefore, the potential for soils to sequester carbon depends 
strongly on the relative responses of gross primary production and the components of ecosystem 
respiration, and particularly RH, to environmental conditions and management practices (Grace and 
Rayment, 2000; Paterson et al., 2009).  
The dynamics of the ecosystem carbon balance components under different environmental and 
management conditions are underpinned by complex and inter-related mechanisms. Further 
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detailed review of the current state of knowledge and formulation of hypotheses are presented in 
the body of the thesis in the introductions for the different chapters, as relevant to their content. 
 
 
Figure 1.1: Conceptual diagram depicting the ecosystem CO2 exchanges as well as transfers of 
carbon from leaves to roots to soil. The fluxes r4epresented are: gross canopy photosynthesis (A), 
ecosystem respiration (RE), above-ground plant respiration (RL), soil respiration (RS), soil autotrophic 
respiration (RA) and soil heterotrophic respiration (RH). 
 
1.3 The New Zealand context 
In New Zealand, grassland ecosystems cover 40% of the total land surface (MacLeod and Moller, 
2006), and represent 50% of the national carbon stock inventory (Tate et al., 2005). They represent a 
critical focus for reducing the agricultural national carbon budget. Following global trends, New 
Zealand pastures are under rapid and widespread management intensification, with the conversion 
of traditional extensively grazed sheep and beef pastoral systems to dairy farming (MacLeod and 
Moller, 2006). In particular, intensification of farming practices with irrigation and addition of 
nitrogen fertiliser on the shallow, stony soils in eastern regions with low rainfall on the Canterbury 
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Plains, in Hawkes Bay, Otago and parts of Southland is expanding rapidly. Grazed grasslands used for 
dairy farming typically are intensively managed to support high stock numbers to maximise 
production and profitability. Dairy production now represents 25% of New Zealand’s total exports 
and has positioned the country as the world’s largest exporter of tradeable dairy products 
(FAOSTAT, 2014). While dairy farming ensures short-term productivity and rapid economic benefits, 
large uncertainties remain regarding its environmental and economical sustainability. New Zealand 
studies attempting to quantify the effects of such land use change on the soil carbon stocks and 
dynamics are scarce and show contradictory results. Evidence from the limited long-term data that 
are available suggests that soil carbon stocks decrease or remain unchanged decades after 
conversion to dairy farming (Schipper et al. 2013; 2014). Other studies have shown net ecosystem 
uptakes of carbon at intensively managed dairy farms which, if sustained over time, may result in 
increasing soil carbon stocks (Mudge et al., 2011; Rutledge et al., 2015; Hunt et al., 2016). 
Understanding the mechanisms leading to changes in grazed grassland ecosystems carbon dynamics 
under key management practices incorporating irrigation, addition of nitrogen fertiliser and grazing 
is needed urgently to determine whether intensive dairy grassland management represent a climate 
mitigation option and a sustainable production system.  
1.4 Thesis objectives 
This overall objective of this thesis is to provide new insights to our current state of knowledge of 
the components of grassland ecosystem carbon balance by testing hypotheses that address the 
processes regulating carbon exchange for each component In the context of pasture management 
intensification in New Zealand, and given the national- and global-scale implications for economic 
and environmental sustainability, this thesis sets out to address the following question: Will the 
conversion from dryland to intensive dairy farm management result in increasing soil carbon 
sequestration in New Zealand’s managed grasslands? The approach is to study the effects of 
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irrigation, addition of nitrogen fertiliser and intensive grazing on the components of net ecosystem 
carbon balance, with a specific focus on the impacts on soil heterotrophic respiration. 
The objectives to investigate the mechanisms underpinning changes in the components of the 
carbon balance were to:  
1. Estimate the components of carbon balance in response to simulated grazing events and 
variability in environmental conditions (Chapter 2 and 3). 
2. Measure and model seasonal changes in carbon balance components in response to 
irrigation and the addition of nitrogen fertiliser (Chapter 5) 
3. Determine the response of soil organic matter decomposition to changes in environmental 
variables associated with conversion of dryland to irrigated, intensive farming practices by: 
a. Developing and testing methodologies to partition rates of soil heterotrophic 
respiration in undisturbed soils using a natural abundance 13C isotope approach 
(Chapter 2). 
b. Determining the response of soil heterotrophic respiration to irrigation and addition 
of nitrogen fertiliser (Chapter 4). 
1.5 Study sites 
The thesis addresses the objectives in four experimental chapters describing research undertaken 
at two sites in Canterbury, New Zealand. The climate at both sites is temperate with mild winter and 
warm, dry summers. Mean annual rainfall is 600 mm (NIWA 2014). Soil types at the two sites are 
also similar but farming management practices were different.  
The first site is an intensively managed commercial dairy farm, Beacon Farm, located near 
Hororata (lat. 43.58° S, long. 171.92° E, elevation 203 m above sea level). Prior to conversion to a 
dairy farm in 2008, the site was a dry-land sheep farm with low application of nitrogen fertiliser. The 
site is dominated by perennial ryegrass (Lolium perenne L.) with minor presence of white clover 
(Trifolium repens L.). The soil is a shallow (0.20-0.45 m depth), well drained, stony silt loam (typic 
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dystrustept). Water is supplied at the site with a pivot irrigator to maintain soil volumetric water 
content (θS) above 0.25 m3 m-3 (Fig2). Management also includes regular applications of nitrogen 
fertiliser and intensive, short duration grazing events (over 100 cows ha-1 for 1 to 2 days). 
The second site is located at Ashley Dene Farm, Lincoln (latitude 43.40° S, longitude 172.20° E, 
elevation 35 m above sea level). The site is flat and was managed under dry sheep farming for more 
than 50 years prior to the experiment. The site presents a mixed community of grasses with 
numerous species including perennial ryegrass and white clover, as well as dandelion (Taraxacum 
spp), chicory (Cichorium intybus L), Lucerne (Medicago sativa L) and plantain (Plantago lanceolata L). 
The soil is a stony silt loam with shallow topsoil (0.2 m in depth), excessively drained and classified as 
a mix of Balmoral and Lismore according to New Zealand classification (Hewitt, 2010). Field plots 
were treated to simulate the first year of a land conversion to intensive dairy farming (Fig3). A 
factorial experimental design was adopted to investigate the effects of irrigation and addition of 
nitrogen fertiliser separately and in combination. Irrigation regime, fertiliser application rates and 
grazing management were replicated from the management regimes at Beacon Farm. 
 
 





Figure 1.3: The experimental set up at Ashely Dene Farm.  
1.6 Thesis outline 
In Chapter 2, I present the results of a controlled-environment study of the short-term response 
of FN and its components to simulated grazing events in irrigated intact grassland mesocosms 
extracted from Beacon Farm. Daily measurements of FN, A, RE and RS were made after concurrent 
and delayed clipping events and addition of two different levels of nitrogen fertiliser. I used and 
compared two different techniques to partition RS into its autotrophic and heterotrophic 
components: the root-exclusion technique and the natural abundance δ13C technique, a novel 
isotopic method allowing measurements of RH in the presence of roots, with no disturbance of the 
soil structure. The two approaches allowed testing for the effects of two levels of nitrogen addition 
on RH in presence and absence of roots.  
In Chapter 3, I present the result of a field study were FN and RS were measured continuously at 
Beacon farm for two extended periods of months at two different times during the growing season. 
Diurnal and daily changes in FN and RS were measured and their responses to environmental 
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variables modelled. Extending the findings from Chapter 2, a methodology to account for above-
ground biomass variations through seasons and grazing cycles on model parameters was developed.  
In Chapters 4 and 5, I present the results from two studies undertaken at the experimental field 
site at Ashely Dene Farm. In Chapter 4, I present the result of a study where soil heterotrophic 
respiration was measured using the non-disruptive natural abundance δ13C technique and 
determined the effects of irrigation and nitrogen addition one and six months after the irrigation and 
addition of nitrogen treatment applications started. In order to develop further our understanding of 
soil organic matter dynamics, I measured a range of soil characteristics and tested the emerging 
hypothesis that soil structure and microbial accessibility to their substrate is predominant in 
regulating soil organic matter decomposition. The objective of the study in Chapter 5 was to 
investigate the effects of irrigation and addition of nitrogen on seasonal measurements of FN, A, RL 
and RS in intensively grazed grassland. I used continuous measurements of environmental variable to 
develop predictive models for the components of carbon balance, accounting for biomass variations 
based on findings in the previous chapters. The models were used to produce annual estimates of 
the net ecosystem carbon balance and characterise the single and interactive net effect of irrigation 
and nitrogen addition during the first year after treatment were applied. 
Chapter 6 is a synthesis of the four previous chapters. I summarise the integrated effects of 
irrigation, nitrogen fertilisation and intensive grazing management on grassland ecosystem carbon 
balance and soil organic matter decomposition. Finally, I discuss the implications of these findings 
for the economic and environmental sustainability of converting dryland farming to intensive dairy 





1.7 Thesis contribution 
The findings from this thesis will contribute to scientific knowledge through publications in peer-
reviewed, international journals. 
The study in Chapter 2 is published in Geoderma as: 
Moinet, G.Y.K., Cieraad, E., Rogers, G.N.D., Hunt, J.E., Millard, P., Turnbull, M.H., and Whitehead, D., 
2016. Addition of nitrogen fertiliser increases net ecosystem carbon dioxide uptake and the loss 
of soil organic carbon in grassland growing in mesocosms. Geoderma, 266: 75–83. 
 
The study in Chapter 4 is accepted for publication in Geoderma and will appear in 2016. 






CHAPTER 2 Addition of nitrogen fertiliser increases net ecosystem carbon 






The terrestrial biosphere absorbs approximately one third of anthropogenic carbon emissions 
(Schimel et al., 2001) and is crucial for mitigating the increase in atmospheric carbon dioxide (CO2) 
concentration and the impacts of climate change (Pachauri et al., 2014). Grazed grasslands cover 
26% of the earth’s ice free land surface (Steinfeld et al., 2006) and represent 70% of agriculture land 
(FAOSTAT 2011). Grasslands have high inherent soil organic matter content (Miller and Donahue, 
1990), which is comprised of more than 55 % of carbon (Stockmann et al., 2013), and is a key factor 
in soil productive capacity (Jenny, 1941; Miller and Donahue, 1990). Maintaining soil organic matter 
in grasslands is therefore critical, for both the Earth’s carbon balance and sustainable land 
productivity (Conant et al., 2001). 
In New Zealand, conversion of dryland grazed grasslands to dairy farming is a major land-use 
change (MacLeod and Moller, 2006). Grassland ecosystems represent 30% of the total land surface 
area and are an important component of the national carbon budget (Trotter et al., 2004). Grazed 
grasslands used for dairy farming typically are intensively managed, including high stock numbers, 
high inputs of nitrogen fertiliser and irrigation at sites with low rainfall. Such practices are known to 
result in changes in the rates of soil organic matter decomposition and soil carbon stocks (Paul et al., 
1996; Conant et al., 2001) but there are few studies to quantify these impacts.  
Using sequential measurements of soil carbon from cores across 31 sites converted to dairy 
farming over two to three decades, Schipper et al. (2007, 2010) observed a mean (± standard error) 
net loss in soil carbon of 730 ± 160 kg C ha-1 y-1. In contrast, in a short-term two-year study to 
measure net ecosystem CO2 exchange using eddy covariance, Mudge et al. (2011) estimated an 
increase in net carbon uptake for a dairy grassland. Eleven years after conversion of a dryland site to 
dairy farming using irrigation, Kelliher et al. (2015) found a 28% increase in soil carbon in the upper 
0.3 m of soil compared with the change in an adjacent non-irrigated site. However, the difference in 
carbon content at a depth of 0.8 m was not significant. These apparently contradictory findings 
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highlight the need for further studies to interpret the spatial and temporal complexities and 
environmental and management drivers of soil carbon dynamics. 
The ecosystem carbon balance depends on the net ecosystem CO2 exchange (FN) comprising the 
input of carbon from photosynthesis (A) and losses from ecosystem respiration (RE). Ecosystem 
respiration consists of respiration from the above-ground component of plants (RL) and soil 
respiration (RS). Soil respiration is comprised of autotrophic respiration (RA) originating from roots 
and their associated mycorrhizal fungi and rhizosphere microbes, and heterotrophic respiration (RH) 
from microbial decomposition of soil organic matter, such that (Amundson, 2001; Paterson et al., 
2009) 
FN = RE – A = RL + RS – A = RL + RA + RH – A. (2.1)  
For long-term analysis of carbon balance, leaching and exported biomass can also be significant 
components (Soussana et al., 2007). 
Estimates of FN using eddy covariance are used widely to determine if an ecosystem is a sink or a 
source of carbon to the atmosphere (Baldocchi, 2008) but further detail is required to reveal the 
mechanisms driving changes in soil organic carbon (Kuzyakov, 2006). Soil respiration (RS) is a major 
component and can account for 60-90% of RE (Kuzyakov, 2006). The autotrophic component (RA) 
represents the rapid turnover of a recently assimilated carbon pool that has only a small effect on 
long-term changes in soil organic carbon whereas RH represents the slow turnover (up to millennia) 
of much larger carbon pools (Trumbore, 2000; Stockmann et al., 2013).  
Determining differences in the drivers regulating changes in RH and RA is important, especially to 
predict changes in soil carbon stocks with changes in climate and management practices (Kuzyakov, 
2006). However, partitioning RS into its heterotrophic and autotrophic components is problematic. 
One difficulty is that the presence of roots can influence RH, the so-called ’rhizosphere priming 
effect’ (Kuzyakov, 2002). Many approaches for partitioning RH from RS, such as the root exclusion 
techniques are based on manipulations to remove RA, for example, using trenches to exclude roots 
(Buchmann, 2000; Lee et al., 2003; Jiang et al., 2005) or shading and clipping leaves (Craine et al., 
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1999). In a comprehensive meta-analytical review of studies designed to partition RS into its 
components, Subke et al. (2006) documented a wide range in the ratio of RH:RS and suggested that 
this could be due partially to the different techniques employed. The review also highlighted 
potentially overlooked interactions between soil respiration components as a consequence of 
disrupting the ecosystem. Dungait et al. (2012) showed that the losses of soil organic carbon is 
regulated by microbial accessibility to soil organic matter and this is related closely to soil physical 
structure (Six et al., 2002). This structure can be modified by soil physical disturbance such as sieving 
(Zakharova et al., 2014, 2015). This suggests that attempts to partition RH from RS needs to be done 
in intact, undisturbed systems. One approach to achieve this is the use of stable carbon isotopes 
(Hanson et al., 2000). These methods are based on measurable differences in the 13C isotopic 
signatures (δ13C) of the CO2 emitted from RH and RA (δ13CRA and δ13CRH, respectively). Most studies to 
date have used C3/C4 plant isotopic shifts to increase the difference between δ13CRA and δ13CRH. 
However, such an approach is restricted to ecosystems where C3 or C4 plants have invaded naturally 
(Millard et al., 2008) or have been introduced (Uchida et al., 2010) into C3 or C4 systems. In pure C3 
systems, the isotopic signature of respiration from soil organic matter turnover (δ13CRH) is typically 
2-4‰ enriched compared with that from the roots and associated microbes (δ13CRA) (Bowling et al., 
2008). Midwood et al. (2008) demonstrated that this difference can be estimated in an undisturbed 
C3 system and used to partition RS. This ‘natural abundance δ13C’ approach has been used 
successfully by Millard et al. (2010) and Graham et al. (2012).  
Photosynthesis and RE decrease immediately after with grazing, then increase over a number of 
weeks as the new leaves expand (Parsons and Penning, 1988). In artificial ryegrass swards, Kuzyakov 
et al. (2002) showed that 80% of the carbon respired by the rhizosphere originated from recently 
assimilated carbon by photosynthesis. Defoliation of plants by removing photosynthetic material 
reduces carbon allocation below-ground (Craine et al., 1999; Kuzyakov, 2006) and thus has a strong 
impact on RA (Bremer et al., 1998; Cheng and Kuzyakov, 2001). It is well known that the addition of 
nitrogen fertiliser to grassland increases photosynthesis and light use efficiency (Evans, 1989; Sinclair 
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and Horie, 1989; Muchow and Sinclair, 1994) and leaf respiration (Reich et al., 2008). The effect of 
high nitrogen addition on RH is more difficult to predict because no studies are available on 
undisturbed grasslands. However, priming effects as a consequence of added nitrogen have been 
observed mostly to be positive (Hart et al., 1986; Raun et al., 1998; Sembiring et al., 1998).  
My objectives in this study were to investigate the effects of clipping and application of nitrogen 
fertiliser on the components of the net ecosystem CO2 exchange for an intensively grazed grassland. 
I extracted intact cores with soil and plants from a grassland site and grew the grass in well-watered 
mesocosms in controlled conditions for six months. I measured FN, RE, A and RS daily after clipping 
and addition of nitrogen fertiliser to determine the time constants for recovery of ecosystems 
growing with high and low additions of nitrogen fertiliser. At the end of these measurements, I 
measured the effects of addition of nitrogen on RH using natural abundance δ13C. Comparing the 
results obtained from the isotopic technique to those from a root exclusion technique, I also 
investigated the magnitude and direction of rhizosphere priming, at high and low nitrogen supply. 
2.2 Materials and methods 
2.2.1 Preparation of the mesocosms 
Material for the study was collected from Beacon Farm, a commercial dairy farm on the 
Canterbury plains, New Zealand (lat. 43.58° S, long. 171.92° E, elevation 203 m above sea level). The 
site was formally a dry-land sheep farm, with low application of nitrogen fertiliser, and conversion 
took place four years prior to the start of my study. The cores used in the mesocosms comprised 
mixed species but were dominated by perennial ryegrass (Lolium perenne L.), with minor presence of 
dandelion (Taraxacum officianle F. H. Wigg) and white clover (Trifolium repens L.). The soil is a 
shallow (0.20-0.45 m depth) stony silt loam (typic dystrustept) and well drained. The soil 
characteristics (mean ± standard error, n = 4) were bulk density 1.16 ± 0.03 g L-1, bulk soil 13C isotopic 
signature (δ13C) 27.4 ± 0.07 ‰, volumetric percentage of stones 7.8 ± 1.4%, and carbon and nitrogen 
concentrations 46.8 ± 0.02 and 3.4 ± 0.01 g kg-1, respectively.  
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In May 2013, 28 intact soil cores (200 mm diameter, 300 mm depth) were sampled randomly 
from a 250 m2 area and placed in cylinders of PVC. The bases of the cylinders were sealed with 1 mm 
mesh netting. The mesocosms were placed in two growth cabinets (Model HGC 1514, Weiss 
Gallenkamp, UK) with conditions set to a constant 14 ᵒC, photoperiod 15 hours and relative humidity 
85%. Gaps between the soil and sides of the cylinders were filled with petroleum wax to prevent 
pathways for drainage of water. To prepare for the root exclusion technique, twelve mesocosms 
were chosen randomly for a ’bare soil’ treatment, from which all plant material was eliminated. The 
grass was clipped at the soil surface and the mesocosms covered with black plastic sheets to prevent 
photosynthesis for four months. The other 16 mesocosms comprised the ‘planted soil’ treatment. A 
collar for measurements of soil respiration rates (100 mm diameter, 70 mm deep) was placed to a 
depth of 30 mm in the centre of each mesocosm. The grass inside the collars was removed using 
black plastic sheets for four months, allowing roots from the surrounding plants to colonize 
underneath the rings. Water was applied to the soil surface daily to retain soil water content near 
field capacity. The plants in the planted mesocosms were clipped to a constant height every two 
weeks and the biomass was collected, dried at 65 ᵒC for three days and weighed. The leaves were 
analysed for carbon and nitrogen concentrations using a Dumas elemental analyser (Europa 
Scientific ANCA-SL, Crewe, UK). 
Following each fortnightly clipping of the plants in the planted mesocosms, two nitrogen 
treatments were applied to both the planted and bare mesocosms. The high nitrogen treatment, N1, 
was supplied using 144 mL of a nutrient solution with 41 g N L-1 (ammonium nitrate). The low 
nitrogen treatment, N0, was 144 ml of the same nutrient solution but with a lower concentration of 
10 g N L-1 (ammonium nitrate). In a preliminary experiment, for the low nitrogen treatment, I 
determined the lowest nitrogen supply that allowed the grass to survive in the experimental growing 
conditions. The application rates were equivalent to approximately 400 kg N ha-1 y-1 and 100 kg N ha1 
y-1, for N1 and N0 treatments, respectively. The treatments were maintained in the controlled 
conditions for two months prior to the start of the measurements.  
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Preparation of the material resulted in the establishment of 12 bare soil mesocosms, 6 for each 
nitrogen treatment, all free from plants as the result of a period of over 6 months without any 
photosynthetic activity, and 16 planted mesocosms, 8 for each nitrogen treatment. When the 
measurements started, nitrogen treatments had been applied seven times over a period of 3.5 
months on all 36 pots, and clipping had been done concurrently on the 24 planted mesocosms.  
2.2.2 Measurements of net ecosystem carbon dioxide exchange and soil respiration 
Net ecosystem CO2 exchange was measured on each mesocosm using a purpose-built cylindrical 
chamber (200 mm diameter and 210 mm height) made from polycarbonate. The bottom edge was 
covered with a ring of high density foam to form a seal. Measurements of CO2 exchange in the 
chamber were made using a portable photosynthesis system (LI-6400XT, LI-COR Inc., Lincoln, NE, 
USA) designed to work as a closed system. After the chamber was placed on the top of a mesocosm, 
measurements of the CO2 partial pressure were made over a period of 70 s. The chamber had an 
open vent to the atmosphere with a 9 mm diameter polyethylene tube (Xu et al., 2006) to avoid 
pressure fluctuations (Hutchinson and Livingston, 2001; Rochette and Hutchinson, 2005) and a small 
fan moving the air at 50 L min-1 (V249L, 6V, Micronel®) was mounted inside the chamber in order to 
maintain well-mixed conditions. Incident irradiance (Q, 400-700 nm) was measured with a quantum 
sensor (Q40205, LI-COR Inc., Lincoln, NE, USA) placed at the top inside the chamber. Air temperature 
was measured using a thermocouple (Type E, Omega Engineering Ltd., Stamford, CT, USA) shaded 
from incident irradiance. 
On each measurement day, FN was measured for each mesocosm in the planted soil treatment 
under full irradiance (650-700 µmol m-2 s-1). Subsequent measurements of FN were taken at four 
levels of shade, achieved by draping sheets of shade cloth over the chamber, and finally a dark cloth 
excluding all light to give a measurement of RE. A linear equation was used to estimate light use 
efficiency, α, from the light response curve described by (Luo et al., 2000) as 
A = αQ + RE (2.2) 
where A is the rate of gross photosynthesis. 
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Immediately following the measurements of FN, three replicate measurement of soil respiration 
rate were made using a soil respiration closed dynamic system (LI-8100, LI-COR Inc., Lincoln, NE, 
USA) with the chamber placed on the central collar. 
2.2.3 Partitioning soil respiration 
Both the natural abundance δ13C and the root exclusion techniques were used to partition RH 
from RS. For the root exclusion technique, RH was assumed to be equal to the value of RS measured 
from the bare soils (Craine et al., 1999). The proportion of respiration derived from heterotrophic 
respiration (fRH) was estimated by comparison of mean values of respiration fluxes between planted 
soils and bare soils. The natural abundance δ13C technique requires the measurement of 13C isotopic 
signatures of the CO2 respired from the undisturbed soil (soil efflux) (δ13CRS) from roots and 
associated microorganisms (δ13CRA) and from soil organic matter decomposition (δ13CRH). The rate of 
heterotrophic respiration and fRH are calculated using a mass balance approach (Lin et al., 1999; 
Millard et al., 2010) where  





RH = fRH x RS. (2.4) 
Simultaneous measurements of δ13CRS from six mesocosms were made by collecting air respired 
from the soil surface using a partially automated open chambers system described by Midwood et 
al. (2008). The chambers were placed on the rings in each mesocosm and approximately 500 ml of 
respired air was collected into bags (Tedlar® Keika Ventures, Chapel Hill, NC, USA) that were flushed 
twice with CO2 free air and evacuated prior to use.  
Measurements of the isotopic signatures of the end members, δ13CRH and δ13CRA, were made 
following the technique described by Millard et al. (2010). After the soil surface CO2 efflux sample 
had been collected, samples of roots and soils were collected from each mesocosm. The rings for 
measuring RS were removed and a steel tube identical in diameter of the rings was hammered into 
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the soil to a depth of 200 mm. The presence of large stones in some of the mesocosms prevented 
sampling deeper than 170-180 mm and this was taken into account in the statistical analysis of the 
data. The soil from the core was broken up loosely and roots were removed by hand. Samples of 
root-free soil and roots were placed in separate Tedlar® bags which were sealed and flushed three 
times with CO2 free air, then filled with approximately 500 ml of CO2 free air. An aliquot of gas was 
removed and the CO2 partial pressure checked to make sure it fell within the range of 300-700 µmol 
mol-1 needed to ensure optimum precision for the isotope analysis. The concentration was then 
adjusted if needed, by either adding CO2 free air or extending the period of incubation. Incubations 
were kept to the minimum time possible (typically 5 to 7 min for the root-free soils, and 20 min for 
the roots) to minimise shifts in δ13C values caused by a switch to different carbon substrates due to 
root death or physical disturbance of the soil (Millard et al., 2008; Zakharova et al., 2014). All gas 
samples were analysed for δ13C values using a cavity ringdown spectrometer (G2121-I, Picarro Inc., 
Santa Clara, CA, USA).  
2.2.4 Experimental design 
The experimental period consisted of two phases. For the first phase I selected randomly ten 
planted mesocosms, five for each nitrogen treatment. To estimate the effect of clipping and addition 
of nitrogen on the recovery of ecosystem CO2 exchange components, I made daily measurements of 
FN, RS and α during 19 days after concurrent clipping and nitrogen additions. To disentangle the 
effects of clipping and adding nitrogen, the grass was subsequently clipped without nitrogen 
addition and FN, RS and α were measured daily for 9 days. On the tenth day after clipping, nitrogen 
was applied, without clipping and FN, RS and α were measured daily for 12 days. 
The second phase consisted of measuring heterotrophic soil respiration, RH, using the natural 
abundance δ13C and the root exclusion technique. All 28 mesocosms were used. Just after the first 
phase was completed, the treatments applied were: concurrent clipping and nitrogen addition for 
the planted mesocosms, and nitrogen addition to the bare mesocosms. Measurements to determine 
RH were made on day 7 after treatment application. For the root exclusion technique, measurements 
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were contained within 1 hour. For the natural abundance technique, measuring RH from 16 
mesocosms required 8 hours of the daylight period, during which potential variations of δ13CRS were 
checked using two mesocosms selected randomly for repeated sampling. In addition, four root 
samples and four root-free soil samples were selected randomly for longer incubation times, up to 
2.5 h, in order to estimate the effect of length of incubation on δ13CRH and δ13CRA. 
For each mesocosm, soil water content (θS, Model SM300, Delta-T Devices Ltd., Cambridge, UK) 
and soil temperature (TS, Model HH 603A, Omega Engineering Ltd., Stamford, CT, USA) were 
measured at a depth of 50 mm daily. After all the measurements were completed, soil and roots 
samples were collected, dried, ground to a powder in a ball mill and analysed for carbon and 
nitrogen concentrations using a Dumas elemental analyser (Europa Scientific ANCA-SL, Crewe, UK). 
2.2.5 Statistical analyses 
Changes in FN, RS, RE and α after concurrent clipping and adding nitrogen fertiliser, clipping alone 
and adding nitrogen fertiliser alone, were tested using non-linear mixed-effect models conducted in 
the ‘nlme’ package (Pinheiro and Bates, 2014) of R version 3.2.1 (R Development Core Team, 2014). 
Each measurement of FN, RS, RE and each calculated value of α was treated as a sample. To account 
for non-independence of repeated measurements, replicate number was included as a random 
effect in each model. FN and α were modelled as common asymptotic exponential functions of 
number of days after treatment (n) (Crawley, 2007) as 
FN = a + b exp (-c n) (2.5) 
where a is the steady-state value of FN, b is the difference between a and the value of FN at day 0 
and c characterises the shape of the curve, and 
α = p (1 – exp (-q n)) (2.6) 
where p is related to the initial value and to the steady-state value of α and q characterises the 
shape of the curve. 
To characterise the time constants for the recovery of α and FN, the number of days to reach 95% 
of the changes (n95) was calculated from p and c respectively as 
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n95 = ln (1/0.05) / X (2.7) 
where X represents q and c for the functions for α and FN, respectively. 
RE was observed to decrease after grazing for a period of three days before starting to increase. 
To capture this initial decrease, a 3rd degree polynomial function was tested to model RE. RS was 
modelled as a linear function of n. Models with different coefficients for the high nitrogen 
treatment, N1, and the control treatment, N0, were compared with models fixing the same 
coefficients for N1 and N0. A top-down stepwise regression approach was used to model fRH and RH. 
For the natural abundance technique, fRH was modelled as a function of root and soil carbon and 
nitrogen concentrations (RS) nitrogen treatment and core sampling depth. RH was modelled similarly 
without the inclusion of RS. For the root exclusion technique, RH was modelled as a function of soil 
carbon and nitrogen concentrations and nitrogen treatment. Soil temperature, TS and soil water 
content, θS, at a depth of 50 mm were also included. Model comparisons were based on Akaike’s 
Information Criterion (AIC), the model with the lowest AIC being the most strongly supported. As a 
rule of thumb, models with ∆AIC < 2 were also considered to be strongly supported (Burnham and 
Anderson, 2002). Treatment values of RH obtained with the two techniques were compared with a 
Student t-test. The effects of addition of nitrogen on root and soil carbon and nitrogen 
concentrations were assessed using analysis of variance (ANOVA). Analyses of specific leaf area and 
leaf nitrogen concentration over time included replicate number as a random effect and was 
assessed with linear modelling. Differences in TS and θS between nitrogen treatments and 
measurement phases were assessed using analysis of variance. Analyses of residuals were 
undertaken to check on model assumptions, including independence from TS and θS.  




2.3.1 Soil temperature and soil water content 
Air temperature in the controlled environment cabinets remained constant to within 1 °C of the 
set point, but soil temperature (TS) increased during the day due to radiation loading from the lamps 
(21.6 ± 0.07 °C, range 19.4 - 25.8 °C). There was no significant difference in TS for the mesocosms in 
the two nitrogen treatments (P = 0.22). Volumetric soil water content (θS) was 43.3 ± 0.2% and 
ranged from 33.4 to 53.4%. For the N1 treatment, mean θS (42.0 ± 0.3%) was significantly lower than 
the value for the N0 treatment (44.6 ± 0.3%) (P < 0.001). TS and θS were not significantly different 
between the measurement phases. 
2.3.2 Soil, root and leaf properties 
For both the planted and bare soil treatments, there were no differences in soil carbon and 
nitrogen concentrations between the N0 and N1 treatments (Table 2.1). Root nitrogen concentration 
in the N1 treatment was higher than that of the N0 treatment (Table 2.1) but the difference was not 
significant (P = 0.09). No differences were found in root carbon concentrations (P = 0.7). Accordingly, 
no differences were found in the C:N ratios for soil and roots between the treatments (Table 2.1). A 
linear model best described cumulative leaf dry mass with time (Figure 2.1) with different slopes for 
the N0 and N1 treatments (0.118 ± 0.003 and 0.169 ± 0.005 g d-1, respectively), and with the same 
initial values not significantly different from 0. This resulted in higher cumulative leaf dry mass for 
the N1 treatment (27.61 ± 1.68 g) compared with the value for the N0 treatment (19.60 ± 2.05 g) at 
the end of the experiment (P = 0.02). No significant changes were measured in specific leaf area 
throughout the experiment (Table 2.2) for the N0 and N1 treatments (P = 0.3 and P = 0.9, for nitrogen 
treatment and date of the clipping event, respectively). Leaf nitrogen concentration (Table 2.2) 
showed significant variability with sampling date and nitrogen treatment (P < 0.001 and P = 0.02, 
respectively). Mean nitrogen concentration was higher for leaves in the N1 treatment compared with 
the value for leaves from the N0 treatment (24.2 ± 0.4 and 21.2 ± 0.6 g kg-1 respectively). The overall 
24 
 
leaf nitrogen concentration on the last clipping event was significantly lower (by 2.3 ± 0.5 g kg-1) than 
that for all values during the measurement period.  
 
Table 2.1: Soil and root carbon and nitrogen concentrations and C:N ratios at the end of the 
experiment for the low, N0, and high nitrogen, N1, treatments. All values shown are mean ± standard 
error (n = 5). 
 
        
 
Planted soils Bare soils 
  N0 N1 N0 N1 
root nitrogen (g kg-1)  7.8 ± 0.3  8.7 ± 0.4  _ _ 
root carbon (g kg-1)      238.3 ± 14       228.1 ± 22  _ _ 
root C:N       30.7 ± 2.3 26.3 ± 2.9 _ _ 
soil nitrogen (g kg-1) 3.2 ± 0.1    3.3 ± 0.1   3.2 ± 0.1   3.2 ± 0.1  
soil carbon (g kg-1)        37.8 ± 0.7  38.0 ± 0.8  38.1 ± 0.8  37.6 ± 0.5  
soil C:N       11.6 ± 0.1 11.7 ± 0.3 11.9 ± 0.1 11.7 ± 0.1 
      
 
Table 2.2: Leaf nitrogen concentration and specific leaf area at different times throughout the 
measurement period when the grass was clipped. The mention ‘NA’ indicates non available data. All 
values shown are mean ± standards error (n = 5). 
            
            Leaf nitrogen (g kg-1)                          Specific Leaf Area (m2 kg-1) 
Days since  





N0 N1 N0 N1 
14 14 22.4 ± 0.9 23.7 ± 0.8  292.0 ± 55.9 228.6 ± 64.9 
27 14 22.6 ± 0.7 25.2 ± 0.8 NA NA 
104 13 21.7 ± 0.8 24.9 ± 0.5 269.3 ± 7.3  251.9 ± 12.2 
127 23 18.3 ± 1.2 22.7 ± 0.8  209.0 ± 10.6  251.9 ± 15.4 





Figure 2.1: Cumulative leaf dry mass with time throughout the experiment for the low (N0) and high 
(N1) nitrogen treatments. The vertical bars show standard errors of the mean. 
 
2.3.3 Net ecosystem carbon dioxide exchange and light use efficiency 
The estimated parameters describing changes in FN (a, b and c) and α (p and q) as functions of 
number of days after treatment (n) are shown in Table 2.3. The best model describing the change in 
FN after concurrent clipping and nitrogen addition was an exponential decrease (Equation 2.5) to a 
steady-state value becoming a small net sink of carbon, near neutral (a = -0.19 ± 0.33 µmol m-2 s-1) 
for the N1 treatment, while remaining a net source of carbon for the N0 treatment (Figure 2.2). 
Changes in FN were also greater in magnitude for the N1 treatment than for the N0 treatment (e.g., 
the estimated value of b was higher for the N1 treatment). The shapes of the curves were not 
statistically different and 95% of the changes occurred within the first seven days for both the N1 and 
N0 treatments (n95 = 7.1 d). The best model describing the response of α after clipping and addition 
of nitrogen was an increasing exponential function (Equation 2.6) with the steady-state value for the 
N1 treatment being higher than the value for the N0 treatment. The shapes of the curves were not 
significantly different between nitrogen treatments and 95% of the change (n95) occurred in 9.1 
days. Asymptotic exponential functions best described changes of FN and α after clipping alone and 
addition of nitrogen fertiliser alone. There were no significant differences in the response of N1 and 
N0 treatments for measurements made after clipping alone, neither for FN nor for α. Significant 
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differences appeared after adding nitrogen alone, where the value for c for the N0 treatment was 
very close to 0, suggesting there was almost no further decrease in FN after addition of the N0 
treatment. For the N1 treatment the system became a small net carbon sink within three days after 
addition of nitrogen alone (n95 = 2.6 d), reaching a similar steady-state value to that for the 
measurements made after concurrent clipping and nitrogen addition. The estimated steady-state 
value of α following addition of nitrogen only was higher for the N1 treatment than for the N0 
treatment, but the shapes of the curves were not statistically different, with n95 = 1.7 d. 
2.4 Ecosystem respiration and soil respiration 
Changes in RE with time were best described by a 3rd degree polynomial function. Values of RE 
following concurrent clipping and nitrogen addition were higher for the N1 treatment than the N0 
treatment except for the initial value, for which the difference was not statistically significant 
(Figure 2.3). There was a small decrease in RE on the first two days after clipping alone, and this was 
not significantly different for the N1 and N0 treatments. RE was nearly constant after addition of 
nitrogen alone, except for the N1 treatment which slightly increased from n = 5 d.  
Changes in RS after concurrent clipping and nitrogen addition were linear (Figure 2.3) with the 
same initial value (6.38 ± 0.30 µmol m-2 s-1) but differences in slopes for the nitrogen treatments. 
This was also the case for measurements made after clipping alone and addition of nitrogen alone, 
with initial values of 5.45 ± 0.23 and 5.67 ± 0.28 µmol m-2 s-1, respectively. However, absolute values 
of the estimated slopes were all below, or very close to, the instrument detection limits of 0.02 µmol 
m-2 s-1 d-1, with the maximum slope value of -0.04 ± 0.02 (µmol m-2 s-1) d-1 for the N1 treatment after 
only clipping.  
For the measurements made after concurrent clipping and nitrogen addition, a trend was 
observed in the residuals as a function of TS. A new model was thus fitted including TS and this 
resulted in an improvement (lower AIC and independence of the residuals). There was a positive 
linear effect of TS on RS with a slope of 0.30 ± 0.03 (µmol m-2 s-1) °C-1. 
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Table 2.3: Estimated values of the parameters of modelled net ecosystem CO2 exchange, FN (a, b and c), and light use efficiency, α (p and q) for the low (N0) 
and high nitrogen (N1) treatments, after concurrent addition of nitrogen and clipping, clipping alone and addition of nitrogen alone. Values of parameters 
centred are not significantly different between the nitrogen treatments. All values shown are mean ± standards error. 
 
      Clipping + addition of nitrogen Clipping alone Addition of nitrogen alone 
Model Parameter   N0 N1 N0 N1 N0 N1 
FN a (µmol m-2 s-1) 1.11 ± 0.26 -0.19 ± 0.33 2.05 ± 0.25 -1.36 ± 0.53 -0.22 ± 0.49 
  b (µmol m-2 s-1) 4.87 ± 0.63 7.42 ± 0.87 3.63 ± 0.31 2.85 ± 0.44 
  c ((m2 s µmol-1) d-1)  0.42 ± 0.04  0.55 ± 0.09 0.03 ± 0.02 0.66 ± 0.17 
                  
α p (µmolC µmol quanta-1) 0.018 ± 0.001  0.023 ± 0.001  0.011 ± 0.001 0.013 ± 0.001 0.017 ± 0.001 








Figure 2.2: Net ecosystem CO2 exchange (FN) and light use efficiency (α) modelled as a function of number of days after (A) clipping and addition of 
nitrogen, (B) clipping only and (C) addition of nitrogen only for the low (N0) and high (N1) nitrogen treatments. The vertical bars show standard errors of the 






Figure 2.3: Soil respiration (RS) and ecosystem respiration (RE) modelled as a function of number of days after (A) concurrent clipping and addition of 
nitrogen, (B) clipping alone and (C) addition of nitrogen alone, for the low (N0) and high nitrogen (N1) treatments. The vertical bars show standard errors of 





2.5 Partitioning soil respiration using the natural abundance δ13C technique 
During the 8 hours of measurements, there were no changes in the values of δ13CRS from the two 
test mesocosms (P = 0.29). δ13CRA from four mesocosms did not vary over a 2.5 h incubation period 
(P = 0.7). Changes in δ13CRH over the incubation time followed an exponential decay function with 
values for a = -28.89 ± 0.24‰, b = 0.037 ± 0.012‰ and c = 4.05 ± 0.40 d ‰-1. For one mesocosm 
from the 16 measured, δ13CRA was close to, but slightly enriched compared with δ13CRS, suggesting 
that variability associated with measurements resulted in  no difference between δ13CRS and δ13CRA , 
so the value of fRH for that replicate was constrained to 0. 
Values of δ13CRS, δ13CRA and δ13CRH were not significantly different between nitrogen treatments. 
Overall, mean values of δ13CRS were 3.6 ± 0.3‰ more depleted than the values for δ13CRH and 1.8 ± 
0.4‰ more enriched than the values for δ13CRA (Table 2.4). 
The best model describing fRH and RH included nitrogen treatment, soil core depth and TS. The 
estimated effect of TS was small (0.04 ± 0.02 °C-1 and 0.31 ± 0.16 µmol m-2 s-1 °C-1 for fRH and RH, 
respectively). Values of fRH were higher when the presence of stones prevented the core from being 
sampled to a depth of 200 mm. This resulted in an increase in RH of 1.69 ± 0.37 µmol m-2 s-1. This 
occurred in 3 and 4 mesocosms for the N1 and N0 treatments, respectively. Thus, there was no co-
variation between soil core depth and nitrogen treatment. The value of fRH was significantly higher 
for the N1 treatment (Table 2.4). This resulted in a higher value of RH for the N1 treatment (2.06 ± 
0.55 µmol m-2 s-1) compared with the value for the N0 treatment (1.26 ± 0.29 µmol m-2 s-1) 
(Figure 2.4).  
2.5.1 Root exclusion technique and method comparison 
From the measurements using the bare soil mesocosms, RH increased linearly with the soil C:N 
ratio and TS (Figure 2.3), but there were no significant differences between the nitrogen treatments 
(Figure 2.4). RH was 4.34 ± 0.13 µmol m-2 s-1, which was significantly higher than the mean value of RH 
measured with the natural abundance isotope technique (P < 0.001) (Figure 2.3). The overall mean 
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value for fRH from the root exclusion technique (0.86) was also higher than the overall mean value 
estimated using the natural abundance δ13C approach (fRH = 0.33). 
 
Table 2.4: Carbon isotopic signatures for air collected from soil respiration (δ13CRS) incubation of 
root-free soil (δ13CRH) and incubation of roots (δ13CRA) and calculated values of the proportion of soil 
respiration resulting from heterotrophic respiration (fRH) for the low (N0) and high nitrogen (N1) 
treatments. The asterisk indicates a significant difference in values between nitrogen treatments. All 
values shown are mean ± standard error. 
        
    N0 N1 
δ13CRS (‰) -29.37 ± 0.23 -29.34 ± 0.26 
δ13CRA (‰) -30.83 ± 0.48 -31.45 ± 0.49 
δ13CRH (‰) -25.41 ± 0.18 -26.27 ± 0.45 






Figure 2.4: Rates of soil heterotrophic respiration (RH) on day 7 after concurrent clipping and 
addition of nitrogen using two partitioning techniques, for the low (N0) and high (N1) nitrogen 
treatments. The vertical bars represent standard errors of the mean. The asterisk indicates a 
significant difference in values between nitrogen treatments. 
 
2.6 Discussion 
This study contributed new insights to carbon cycling in managed grasslands by integrating 
measurements of net ecosystem CO2 exchange and its components with measurements to partition 
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RH from RS in undisturbed mesocosms. I showed that the increase in net ecosystem CO2 uptake 
(decrease in FN) with the addition of high concentration of nitrogen fertiliser masked a smaller, 
concomitant increase in soil organic matter turnover (increase in RH). The additional carbon input to 
the system was at least partly allocated to above-ground biomass, as shown by the greater 
cumulative biomass in the N1 treatment compared with N0 treatment.  
2.6.1 Net ecosystem CO2 exchange 
My findings highlight a strong decrease in FN to a steady-state value with increasing time after 
clipping that was associated strongly with increasing α. The addition of high nitrogen resulted in a 
smaller steady-state value of FN and higher steady-state value of α, but time constants for the 
responses were similar for both nitrogen treatments. This demonstrates that addition of high 
nitrogen resulted in an increase in α, leading to an increase in A that exceeded the increase in RE. 
This resulted in a greater net carbon uptake for the high nitrogen treatment (N1) compared with the 
control treatment (N0). The additional cumulative biomass in response to added nitrogen was 
attributable mainly to increased canopy photosynthesis. The resulting similar specific leaf area but 
higher leaf nitrogen concentration in the N1 treatment compared with values for the N0 treatment 
also suggests that photosynthesis per unit leaf area was enhanced by increasing Rubisco activity 
associated with leaf nitrogen concentration (Friend, 1991). Consistent with other studies, the effects 
of adding high nitrogen increased rates of photosynthesis more than leaf respiration (Field and 
Mooney, 1986). The lack of a difference in soil and root nitrogen concentration between the 
nitrogen treatments suggests that most of the added nitrogen was utilised by the plants for above-
ground biomass growth. 
In my study, as the changes in RS with time and between the treatments were very small, 
differences in RE were dominated by changes in leaf respiration rates. Ourry et al. (1988) showed 
that regrowth of perennial ryegrass after clipping can be described by two physiological phases. 
During the first six days, nitrogen supply to leaves is derived from remobilisation from reserves in 
roots and stubble, then nitrogen is supplied by root uptake from the soil. I interpret the limited 
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response of A and biomass growth in the treatment where leaves were clipped without adding 
nitrogen to the exhaustion of nitrogen root reserves during the few days following the treatment. 
When nitrogen was added without clipping during the second phase of development, there was a 
rapid stimulation in A that was larger than the proportional increase in leaf respiration rate, resulting 
in enhanced biomass production. Moreover, high nitrogen supply has also been shown to reduce the 
initial rate of nitrogen remobilisation and uptake by roots (Millard et al., 1990). Atkinson (1986) 
demonstrated an increase in leaf respiration rate within 20 hours after defoliation in sheep fescue 
(Festuca ovina L.) and a similar observation was made in tobacco leaves (Nicotiana tabacum L.) in 
the few hours following defoliation (Macnicol, 1976), attributed to a wounding response. This could 
explain the initial higher values of RE in the first two days after clipping in my mesocosms.  
2.6.2 Components of soil respiration 
The exponential increase in RS resulting from increasing TS is well documented (Lloyd and Taylor, 
1994; Davidson et al., 2000; Brown et al., 2009) and maximum values of RS are associated with 
values of θS near field capacity (Davidson et al., 2000). Brown et al. (2009) observed mean rates of RS 
in a ryegrass-dominated grassland in New Zealand of around 3 µmol m-2 s-1 in field conditions, 
roughly half of the measured values from my controlled environment conditions. This suggests that, 
in my study, TS and θS were not limiting for RS. Furthermore, the small variations in TS and θS did not 
affect RS, RA and RH significantly.  
Several studies have demonstrated a strong decrease in RS following clipping. Bremer et al. (1998) 
showed a decrease of 20 to 50% in RS in the first two days after clipping in a tallgrass prairie and 
Cheng and Kuzyakov (2001) observed a decrease of 50% in RS from wheat mesocosms after a 
shading treatment was applied. In my study, the response of RS was insignificant in comparison. 
Kuzyakov (2002) cites numerous studies that have shown negative rhizosphere priming effects 
where the presence of plant roots decreases decomposition rates of soil organic matter by 10 to 
30%. One mechanism proposed to explain negative rhizosphere priming effects is competition for 
nutrients between living roots and soil microorganisms (Jingguo and Bakken, 1997; Bottner et al., 
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1999). The review by Wang and Fang (2009) highlights that the short-term effects of clipping on RS 
are attributable to the physiological response of plants. It is likely that clipping reduced carbon 
allocation below ground (Craine et al., 1999; Kuzyakov, 2006) resulting in reduced root and 
rhizosphere activity. A decrease in RA in my mesocosms would have led to a proportional increase in 
RH, with a neutral net effect of clipping on RS.  
Using the isotope natural abundance technique, my data suggest that high nitrogen supply 
resulted in increased fRH and RH. This result is supported by several studies showing increases in soil 
organic matter decomposition rates with the addition of nitrogen (Hart et al., 1986; Raun et al., 
1998; Sembiring et al., 1998). A competition mechanism involved in the rhizosphere priming would 
also explain this result. Millard et al. (1990) found that addition of high nitrogen reduced ryegrass 
root biomass. Other studies in grasslands observed a decrease in RS due to reduced carbon allocation 
below-ground as a result of nitrogen addition (Jong et al., 1974; Ammann et al., 2007). Although I 
were not able to measure root biomass directly, a reduction in biomass in response to high nitrogen 
supply seems like a reasonable assumption. By reducing root activity in the planted soils, addition of 
nitrogen would have enhanced competitiveness of the soil microorganisms, therefore increasing RH.  
The higher estimates of RH using the root exclusion technique compared with the isotope 
approach in my study could be attributable partly to the presence of remnant decaying roots. 
Nakane et al., (1996) and Craine et al., (1999) showed the presence of decaying roots could be 
responsible for increases in RS by up to 20% in a forest ecosystem (Nakane et al., 1996). However, 
this would not account for the larger difference in RH of 50% observed between the two techniques 
in my study. My findings support the existence of a negative rhizosphere priming effect as a 
coexisting mechanism to explain this large difference.  
These observations indicate that the root exclusion technique is not appropriate to determine RH. 
In a similar study to ours, Chen et al. (1996) showed that ryegrass roots alone (separated from the 
rhizosphere) accounted for between 49 and 58% of RS, which is closer to the result I obtained from 
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the natural abundance δ13C technique (68% for root and the rhizosphere). This supports the validity 
of my use of the natural abundance δ13C technique. 
2.7 Conclusions 
The decrease in FN associated with addition of high nitrogen in my study was concurrent with an 
increase in RH. My data strongly support the existence of a negative rhizosphere priming effect on 
soil organic matter decomposition. Based on these observations, I conclude that (i) measuring FN and 
its components RE and A alone can be misleading when trying to predict long-term changes in soil 
organic carbon stocks, and (ii) when making measurements to partition the components of soil 
respiration in response to treatments, it is important to use non disturbed systems. This can be 




CHAPTER 3 Phytomass index improves estimates of net ecosystem carbon 






Grazed grasslands cover over a quarter of earth’s ice free land surface (Steinfeld et al., 2006), 
representing 70% of agriculture land (FAOSTAT 2011), and contain about 12% of global soil organic 
carbon (Schlesinger, 1977). Research has shown that land management practices influence the 
balance between uptake and losses of carbon, with major consequences for atmospheric CO2 
concentration and soil carbon stocks (Conant et al., 2001; Lal, 2004, 2009; Soussana et al., 2010). 
Whether an ecosystem is gaining or losing carbon depends on the net ecosystem CO2 exchange (FN), 
comprising the uptake of carbon from photosynthesis (A) and losses from ecosystem respiration (RE). 
Ecosystem respiration consists of respiration from the above-ground component of plants (RL) and 
soil respiration (RS). Understanding the drivers regulating these fluxes is critical for elucidating the 
responses of terrestrial ecosystems to environmental variables and predicting carbon balance and 
future carbon stocks under different land management practices.  
Grazing intensity is a contributing factor to explain large differences in changes of the carbon 
content at different sites (± 150 gC m-2 y-1 over decades) (McSherry and Ritchie, 2013). On a shorter 
time-scale, FN can be affected with different intensities depending on the timing and intensity of 
above-ground biomass removal by grazing (Lohila et al., 2004; Nieveen et al., 2005; Soussana et al., 
2007; Campbell et al., 2015). In addition to directly exporting carbon from the ecosystem, grazing 
reduces leaf area and thus A and RL, and temporarily suspends grass production (Parsons et al., 
1983; Soussana et al., 2007). The response of soil respiration is less clear. Short-term changes in RS 
following defoliation are likely to be associated with physiological responses (Wang and Fang, 2009) 
that result in decreases in RS due to reduced allocation of carbon below-ground (Craine et al., 1999). 
However, some studies have observed no changes in RS after above-ground biomass removal in 
managed grasslands (Rogiers et al., 2004; Jia et al., 2012; Chapter 2).  
To account for the effect of plant development and biomass removal from grazing on FN, an 
empirical ‘phytomass index’ can be calculated based on the difference between night time and day 
time FN (Lohila et al., 2004; Campbell et al., 2015). Because calculation of the phytomass index (Pi) is 
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based on measured values of FN, this takes into account changes in plant activity and is anticipated 
to be a better predictor of primary production than leaf area index or measurements of above-
ground plant dry mass harvested intermittently (Lohila et al., 2004). The approach using phytomass 
index has been used successfully to account for above-ground biomass fluctuations in gap-filling 
eddy covariance data from intensively grazed grassland (Lohila et al., 2004; Campbell et al., 2015). In 
this study, I extend the Pi approach to improve estimates of FN and its components (A, RE and RS and 
RL) by combining calculated values of Pi with measurements of the components of ecosystem carbon 
balance. In addition, I set out to model Pi from environmental variables and evaluate the potential of 
the model to improve predictions of FN in grazed grassland when continuous measurements are not 
available. The objectives of the study were to (i) investigate the suitability of the phytomass index 
methodology to account for biomass removal and regrowth following grazing in estimating FN and its 
components (A, RE, and RS and RL) in an intensively managed dairy grassland, (ii) develop a model for 
the phytomass index from environmental variables (Pi’) and evaluate its success in explaining 
changes in biomass compared with the use of calculated Pi and (iii) assess the suitability of the 
approach using the phytomass index (with calculated Pi and modelled Pi’) in the development of a 
model to estimate FN accounting for the effect of above-ground biomass variations due to grazing. 
My approach was to make continuous measurements of the components of grassland carbon 
balance for two periods in early and late summer with contrasting environmental conditions and 
combine these with measurements of biomass production across grazing cycles. 
3.2 Materials and methods 
3.2.1 Site description 
The study was undertaken during the 2013-14 growing season at Beacon Farm, an intensively 
managed commercial dairy farm on the Canterbury Plains, New Zealand (lat. 43.58° S, long. 171.92° 
E, elevation 203 m above sea level). Prior to conversion to a dairy farm in 2008, the site was a dry-
land sheep farm with low application of nitrogen fertiliser. The site is dominated by perennial 
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ryegrass (Lolium perenne L.) with minor presence of white clover (Trifolium repens L.). The soil is a 
shallow (0.20-0.45 m depth), well drained, stony silt loam (typic dystrustept) with mean ± standard 
error (n = 4), bulk density 1.16 ± 0.03 g L-1, volumetric percentage of stones 7.8 ± 1.4%, and carbon 
and nitrogen concentrations 46.8 ± 0.02 and 3.4 ± 0.01 g kg-1, respectively. Water was supplied at 
the site with a pivot irrigator to maintain soil volumetric water content (θS) above 0.25 m3 m-3. 
Measurements to provide hourly values of rainfall, air temperature (Ta) and photosynthetically 
active irradiance (Q, 400-700 nm) were continuously made at the site. Soil temperature (TS, Type E 
Thermocouple, Omega Engineering Ltd., Stamford, CT, USA) and soil volumetric water content (θS, 
model SM300, Delta-T Devices, Burwell, Cambridge, UK) were made every hour at three locations at 
depths of 20 and 100 mm. Above-ground biomass was measured at the site just prior to each grazing 
event. Further description of the site is given by Laubach et al. (2015) and Hunt et al. (2016). 
3.2.2 Measurements of carbon dioxide exchange 
I used seven circular closed dynamic chambers (diameter 200 mm, model LI-COR 8100-104, 
Lincoln, NB, USA) and an infra-red CO2 gas analyser (LI-COR 8100-101, NB, USA) to measure rates of 
CO2 exchange from the grassland. The tops of the chambers remained open and were closed 
automatically during for measurements of CO2 exchange using an automated multiplexer system 
(model LI-COR 8150) with an hourly cycle for each chamber with 2.5 min delay between each 
measurement. Three chambers with opaque tops and four with transparent tops were used to 
measure soil respiration (RS) and net ecosystem CO2 exchange (FN), respectively. Rates of CO2 
exchange were calculated from the linear change in measurements of CO2 concentration in the 
chamber (2 s readings) during a closure time of 60 s, disregarding an initial 15 s and the last 30 s of 
measurement to avoid non-linearity in the rate of change in CO2 concentration. Measurements were 
discarded when the coefficient of determination for the linear change in CO2 concentration was 
smaller than 0.9, except for measurements from the transparent chambers when measurements of 
FN were close to zero.  
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3.2.3 Experimental design 
Chamber measurements (FN and RS) were made continuously during two successive periods: in 
spring and early summer (89 days, late September to late December) and again in late summer and 
early autumn (62 days, February to April).  
In order to exclude the dairy cows, the system was installed in the middle of the site in a fenced 
50 m2 plot. The chambers were placed on PVC rings (100 mm depth) inserted in the soil at a depth of 
50 mm one month prior to the start of the measurements. The three chambers for measurements of 
RS were placed in gaps between plants and any remaining plants inside the rings were clipped to the 
soil surface regularly. The grass in the four clear chambers and in the enclosed area was clipped and 
removed to coincide with the cows being allowed to graze the paddock. This occurred four times 
during the first measurement period and two times during the second period. In order to simulate 
the effects of increased rate of grass growth following the urine deposition in the paddock outside 
the enclosure, urea equivalent to 400 kg N ha-1 y-1 was applied in and around the rings subsequent to 
clipping. In intact mesocosms extracted from the same site, Chapter 2 showed that adding nitrogen 
fertiliser concurrently with clipping did not affect the timing for the recovery of FN and the effect on 
RS was negligible. 
To model above-ground biomass, I used measurements of above-ground dry-mass collected at 
the site prior to each grazing events and measurements of soil temperature, soil water content and 
incident irradiance that are well known to regulate crop growth (Monteith and Moss, 1977). 
Between each grazing event, I calculated cumulative growing degree days (GDC) and cumulative 
irradiance (QC) following Monteith (1981) and water stress integral (Sθ) following Myers (1988). 
Growing degree days were calculated as the sum of daily median soil temperature at 100 mm depth 
minus the threshold below which growth was considered to cease (Monteith, 1981), chosen to be 
6 ⁰C (Ritchie and Nesmith, 1991; Gramig and Stoltenberg, 2007). Water stress integral was calculated 
as the sum of the daily differences between the seasonal maximum θS and daily mean θS (Myers, 
1988; Watt et al., 2003). 
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3.2.4 Phytomass index 
To account for changes in the biomass of the pasture on rates of CO2 exchange between grazing 
events, a phytomass index was calculated following Lohila et al. (2004) (referred to as calculated Pi). 
For each day, the difference between mean value of FN at night (Q < 1 µmol m-2 s-1) and the value at 
saturating irradiance (Q > 700 µmol m-2 s-1) was calculated and normalised to the maximum value 
measured at the peak of the growing season when rates of FN were highest. Using an independent 
approach, data from the increase in biomass between grazing events and environmental variables 
were used to model the phytomass index (modelled Pi’). This approach combined modelled above-
ground biomass (estimated from GDC, QC and Sθ) and the environmental variables TS measured at 20 
and 100 mm depth, θS and Q. As these variables were strongly correlated, the inclusion of TS and Q 
in the model was tested separately. A backwards stepwise regression approach was used to 
establish which of these variables had a significant effect on the phytomass index. The performance 
of the model for the phytomass index was tested by cross validation using the hold-out method 
(Ross, 2009). The data were split into two parts comprising data from alternate days. Half of the data 
were used to develop the model (training set) and the other half to test the model (testing set).  
3.2.4.1 Models for CO2 fluxes and statistical analyses 
The components of the net ecosystem CO2 exchange are described by: 
FN = RE – A = RL + RS – A (3.1)  
where FN is the net ecosystem CO2 exchange (a negative value indicates a net uptake of CO2), A is 
the uptake of carbon from photosynthesis and RE is ecosystem respiration, comprising respiration 
from the leaves, RL and soil respiration, RS. Initially, each component was modelled separately. The 
response of gross photosynthesis (A) to irradiance (Q) was modelled with the widely used 
rectangular hyperbole (Luo et al., 2000) where 
 𝐴 = 𝛼 𝑄 𝐴𝑚𝑎𝑥
𝛼 𝑄+ 𝐴𝑚𝑎𝑥
 . (3.2) 




The responses of RS and RE to soil temperature (TS, ⁰K) and soil water content (θS) both measured 
at a depth of 100 mm were modelled using an Arrhenius-type curve (Lloyd and Taylor, 1994) 
modified to include the effect of θS using a Gompertz function (Janssens et al., 2003; Bahn et al., 
2008) where 





𝑇𝑠−227.13 𝑒−𝑒(𝑓−𝑔θ𝑠) . (3.3) 
R refers to either RS or RE, R10 is the respiration rate at a basal temperature of 10 °C, E0 is related 
to the activation energy of enzymatic reactions and f and g are parameters defining the shape of the 
sigmoidal response of R to θS. 
Leaf respiration responds strongly to air temperature (Ta) (Tjoelker et al., 2001) and this was 
modelled using a similar Arrhenius-type curve where 





𝑇𝑎−227.13 . (3.4) 
Both night time and day time measurements from the chambers with opaque tops were used for 
measurements of RS, and night time measurements from the chambers with transparent tops were 
used for RE. Values of RL were calculated for each hour at night time from the difference between 
mean measurements of RE and RS.  
The calculated (Pi) and modelled (Pi’) estimates of phytomass index were then included as 
multipliers in the models of components of FN (Equations 3.2 to 3.4) to account for the effects of 
changes in biomass following grazing events. 
For each hour during the day and for each chamber with a transparent top, gross photosynthesis 
(A) was calculated from the difference between measured FN and modelled RE, with daily RE 
calculated from the mean measured RS from the three chambers and modelled RL from Equation 3.4 
including calculated Pi. 
Cross-validations using the hold-out method were done to test the predictive performance of 
each model described by Equations 3.2 to 3.4 and to compare the performance of the models 
including calculated Pi and modelled Pi’. The data were split into two parts comprising data for 
alternate hours to test the models for A, RE, RS and RL.  
43 
 
Parameters from the fitted models for RS, RL and A were then combined and used to model 
hourly values of FN, without the incorporation of the phytomass index (FN) and with the 
incorporation of modelled Pi’(FN’) and calculated Pi (FN’’), such that  













































Cumulative FN was calculated in order to compare estimates of ecosystem CO2 exchange over 
both measurement periods for measured and modelled values of FN. Negative values indicate that 
the system is a net source of CO2. 
 
All analyses were performed using R version 3.2.1 (R Development Core Team, 2014) using the 
non-linear mixed-effect models from the ‘nlme’ package (Pinheiro and Bates, 2014). Each 
measurement of FN, RS, RE and each calculated value of A and RL was treated as a sample. To account 
for non-independence of repeated measurements, replicate (chamber) number was included as a 
random effect in each model (except for RL for which a single value was calculated for each hour) 
and a first-order autoregressive function was used. For the model cross-validations, root mean 
square errors (RMSE) and adjusted coefficients of determination (R2) are reported. Uncertainties 
around estimates for cumulative FN were evaluated as the 95% intervals of sets of 1 000 values of 
cumulative FN (one set for each model and each period of measurements) generated using Monte 
Carlo simulations. The sets of parameters for FN (Amax, α, R10L, E0L, R10S, E0S, f and g) were generated 
randomly from the variance-covariance tables from each fitted model (Equations 3.5, 3.6 and 3.7) 





Figure 3.1: Variations in environmental variables at the Beacon Farm site for the two measurement 
periods (spring and early summer, and late summer to early autumn): (A and A’) daily mean of soil 
temperature (TS) at 100 mm depth (black line) and air temperature (Ta, grey line); (B and B’) daily 
mean soil volumetric water content at 100 cm depth (θS); (C and C’) daily total irradiance (Q) and (D 
and D’) hourly values of FN for each of the four clear chambers (grey points) and daily mean (black 




3.3.1 Growing conditions and seasonal variations 
A storm in spring damaged the irrigation system over a period of two months when no irrigation 
was applied, resulting in soil volumetric water content (θS) falling to 0.16 m3 m-3 (lower than the 
target of 0.25 m3 m-3) in the middle of the first measurement period, in late spring (Figure 3.1A). This 
resulted in lower daily mean ± standard error θS for the first measurement period, from October to 
late December of 0.32 ± 0.01 m3 m-3 compared with the value for the second measurement period 
from February to April of 0.41 ± 0.01 m3 m-3. With daily mean ± standard error Ta of 12.2 ± 0.4 °C and 
TS of 13.4 ± 0.4 °C, the first measurement period was, overall, slightly cooler than the second 
measurement period (Ta = 14.3 ± 0.4 °C and TS = 16.2 ± 0.2 °C) (Figure 3.1B). Irradiance (Q) was very 
similar for both periods with maximum daily values being 75.6 and 68.3 mol m-2 d-1 and means of 
42.6 ± 1.8 and 38.7 ± 2.2 mol m-2 d-1 for the first and the second measurement period, respectively 
(Figure 3.1C). 
All components of the ecosystem CO2 exchange followed the pattern of temperature and soil 
volumetric water content, showing higher mean values for the second period (Table 3.1). 
Interestingly, the ratio of RE to A remained similar (with 0.44 and 0.42 for the first and second 
period, respectively), showing that overall, photosynthesis and ecosystem respiration increased 
proportionally.  
3.3.2 Effect of simulated grazing on FN and phytomass index 
There was a clear saw tooth pattern in net ecosystem CO2 exchange (FN) associated with each 
grazing event (Figure 3.1D). Immediately after grazing events, day time FN was positive, indicating 
that ecosystem respiration exceeded photosynthesis, and the system continued to be a source of 
CO2 during the subsequent few days. After this initial phase, daytime values of FN became negative 
and showed values lower than -30 µmol m-2 s-1 after each grazing event. Ecosystem respiration (night 
time FN) decreased by over 25% on average just after grazing events and increased after grazing to 
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values frequently exceeding 20 µmol m-2 s-1 (Figure 3.1D). The contribution of RS to RE varied strongly 
from 22 to 98% but no clear pattern was observed following grazing events (data not shown). The 
mean contribution was similar for both periods with values of 64 ± 3 and 65 ± 3% for the first and 
second periods, respectively. 
 
Table 3.1: Seasonal variations in the components of net ecosystem CO2 exchange. Mean values of 
soil respiration (RS), night time ecosystem respiration (RE), and leaf respiration (RL) calculated as the 
difference between hourly means of RE and RS are represented for the two measurement periods 
(spring and summer, 89 days, and late summer to early autumn, 62 days). Values are mean ± 
standard errors. 
 
        
 
 
    
Spring and early  
summer 




RE (µmol m-2 s-1)  8.50 ± 0.08  9.89 ± 0.11 
 
 
RS (µmol m-2 s-1)  4.64 ± 0.03  5.75 ± 0.05 
 
 
RL (µmol m-2 s-1)  4.21 ± 0.10  5.18 ± 0.16 
 
 
A (µmol m-2 s-1) 19.27 ± 0.23 23.40 ± 0.30 
 
       
 
Above-ground biomass production between each grazing event was well described by the linear 
model including the three-way interaction of GDC, QC and Sθ (R2 = 0.91, P < 0.0001). Calculated 
phytomass index (Pi) followed a similar pattern, with values increasing rapidly from zero to high 
values (0.7-1.0) following grazing. In three instances, calculated Pi was even slightly negative on the 
first day after grazing, showing that FN under saturating irradiance was positive and numerically 
greater than the night time value. When a scheduled grazing event was delayed by the farmer and 
grass was allowed to grow for a longer period of time, calculated Pi decreased to intermediate values 
(Figure 3.2A).  
The model with the best fit to predict the phytomass index selected from the backwards stepwise 
regression incorporated the three-way interaction of GDC, QC and Sθ with an additive effect of TS 
measured at 20 mm depth and θS. Modelled phytomass index (Pi’) followed a similar saw-tooth 
pattern as that displayed by FN and calculated Pi (Figure 3.2A). Overall, this model performed well 
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(RMSE = 0.12, R2 = 0.61), but values of modelled Pi’ > 0.7 were underestimated by the model (Figure 
3.2B).  
 
Table 3.2: Summary results from the cross validations realised for models of ecosystem respiration 
(RE), soil respiration (RS), and leaf respiration (RL) using the hold-out method. Root mean square 
errors (RMSE) and adjusted coefficient of determination (R2) are given for values calculated on half 
the data set (testing set) using Equations 3.3 (RE and RS) and 3.4 (RL), with no phytomass index, 
including calculated Pi and including modelled Pi’. 
RE 
model f(TS, θS) f(TS, θS, Pi) f(TS, θS, Pi') 
RMSE 4.14 4.20 4.31 
R2 0.23 0.21 0.17 
RS 
model f(TS, θS) f(TS, θS, Pi) f(TS, θS, Pi') 
RMSE 2.05 2.99 2.55 
R2 0.24 -0.61 -0.18 
RL 
model f(Ta) f(Ta, Pi) f(Ta, Pi') 
RMSE 2.90 2.45 2.63 
R2 0.03 0.30 0.20 
 
 
3.3.3 Model performances 
Ecosystem respiration and its components RS and RL all increased with increasing temperature (TS 
for RE and RS, or Ta for RL) (Figure 3.3). Both RE and RS were affected significantly by soil volumetric 
water content (θS) (P < 10-4). However, the predictive performance of models fitted using Equations 
3.3 or 3.4 was rather low for RS and RE and extremely low for RL (Table 3.2). There was considerable 
variation in the three components of respiration at the given temperatures (Figure 3.3), with RS 
ranging from 0.5 to 16.3 µmol m-2 s-1 and RE from 0.7 to 36.2 µmol m-2 s-1. For RL, this was explained 
partially by the variation in the phytomass index, with RL remaining low with increasing Ta at low 
values of Pi (Figure 3.3A). Accordingly, the model for RL was clearly improved by including calculated 
Pi or modelled Pi’ (Table 3.2). For RE, variations in the phytomass index were also partially 
responsible for the high variability, with most low values of RE at high temperatures corresponding 
with low values of calculated Pi (< 0.5) (Figure 3.3C). However, including calculated Pi or modelled Pi’ 
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into the model for RE did not increase its predictive performance (Table 3.2). Introducing Pi into the 
model for RS (Figure 3.3B) considerably decreased its predictive performance, with R2 becoming 
negative (Table 3.2).  
In a few instances, gross photosynthesis (A) appeared to be negative. In most cases, these 
negative values of A were associated with low values of Pi (Figure 3.4) but some were associated 
with intermediate values of calculated Pi and relatively low values of irradiance (Q < 500 µmol m-2 s-1) 
(Figure 3.4A). The response of A to Q was not well described by the model in Equation 3.2 (RMSE = 
11.7, R2 = 0.36) with marked variability in A at the same values for Q because of the variation in Pi 
(Figure 3.4A and B). Therefore, including modelled Pi’ improved the model considerably (RMSE = 8.9, 
R2 = 0.63, Figure 3.4C). Replacing modelled Pi’ with calculated Pi further improved the model (RMSE 
= 7.2, R2 = 0.75). In contrast to the Pi model, the Pi’ model underestimated measured values of A 
greater than 50 µmol m-2 s-1 (Figure 3.4D).  
The model for FN from Equation 3.5, not including the phytomass index, predicted measured 
values of FN well overall (RMSE = 8.5, R2 = 0.64, Figure 3.5A). However, low values of Pi were 
associated with a strong underestimation of FN, especially when values of FN were strongly negative; 
and conversely, high values of Pi were associated with a strong overestimation of FN (Figure 3.5A). 
The model in Equation 3.7, including Pi, showed the best predictive performance (RMSE = 6.1, R2 = 
0.82, Figure 3.5C). The model using Equation 3.6 (including modelled Pi’) showed intermediate 
performance (RMSE = 7.0, R2 = 0.75, Figure 3.5B), as it slightly overestimated strongly negative 





Figure 3.2: Calculated (Pi, grey symbols) and modelled (Pi’, black symbols) phytomass index for the site at Beacon Farm for the first measurement period (A, 
spring and early summer) and the second period (A’, late summer to early autumn) and; (B) cross-validation for the model for the phytomass index. 
Parameters were derived from the model fitted on half the data set (training set) and the model cross-validation shown in (B) was performed on the other 





Figure 3.3: Response of: (A) leaf respiration (RL) to air temperature (Ta), (B) soil respiration (RS) to soil temperatiure (TS), and (C) ecosystem respiration (RE) 
to TS. The symbols are hourly values of: (A) calculated RL from the difference between hourly means of RE and RS, (B) the three dark chambers at night  and 





Figure 3.4: (A) Light response of measured day time gross photosynthesis (Ameas) to photosynthetically active radiation (Q), and hold-out cross validation of 
models fit with (B) standard light response model (Equation 3.2); (C) light response model including the calculated phytomass index (Equation 3.2 including 
Pi) and; (D) light response model including the modelled phytomass index (Equation 3.2 including Pi’). Model parameters were derived from models fitted 
on half the data set (training set) and the model cross-validations shown in (B), (C) and (D) were performed on the other half (testing set) consisting of 




Figure 3.5: Cross-validations of models using the hold-out method for net ecosystem CO2 exchange (FN) fitted with the combination of models for soil 
respiration, leaf respiration and net photosynthesis: (A) without the phytomass index (Equation 3.5), (B) incorporating the calculated phytomass index (Pi, 
Equation 3.6) and (C) incorporating the modelled phytomass index (Pi’, Equation 3.7). The parameters were derived from models fitted on half the data set 
(training set) and the model cross-validations shown were performed on the other half (testing set) consisting of alternate hours. The data for FN are 
classified in relation to Pi as shown by the colours. 
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3.3.4 Cumulative net ecosystem CO2 exchange and net ecosystem carbon balance 
Over both measurement periods, cumulative FN decreased, indicating the ecosystem was a net 
sink for CO2. This decrease was separated by short periods when the ecosystem was a source of CO2 
to the atmosphere immediately after grazing events (Figure 3.6). With 167.9 ± 20.2 gC m-2 absorbed 
over 89 days, the mean rate of uptake was 1.88 ± 0.23 gC m-2 d-1 for the first period, in spring and 
early summer. The ecosystem showed slightly slower mean rates of uptake during the second period 
in late summer and early autumn of 1.47 ± 0.69 gC m-2 d-1. 
Cumulative FN estimated from the models that included calculated Pi (Equation 3.7) and modelled 
Pi’ (Equation 3.6) fitted the data well and described well the dynamics of CO2 exchange (Figure 3.6). 
Estimated cumulative values with their uncertainties at the end of each period appeared to be 
within one standard error of the mean of the measured values from the four chambers and were not 
significantly different (Table 3.3). In contrast, the model from Equation 3.5, not including the 
phytomass index, was not able to describe the alternating periods of increasing and decreasing CO2 
exchange observed from the measured values of cumulative FN. Cumulative FN presented a relatively 
steady decrease (compared with the measured values) for the first measurement period and an 
increase resulting in a positive value (indicating a CO2 source) at the end of the second period (Figure 
3.6). This resulted in significantly different estimates of cumulative FN from those estimated from 
measured FN for the second period, but not for the first period.
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Table 3.3: Cumulated net ecosystem CO2 exchange (FN) during the two measurement periods (spring and summer, and late summer to early autumn). 
Cumulative FN values are calculated from hourly measured and modelled values of FN. Estimates from the model not including the phytomass index 
(Equation 3.5), the model including modelled phytomass index (Equation 3.6) and the model including calculated phytomass index (Equation 3.7) are 
shown. Values shown are mean (± standard error, n=4) from the four clear top chambers for the measured values. For the modelled estimates, the upper 
and lower limits of 95% intervals from the Monte Carlo simulations (1 000 runs) are included. 
            Spring and early summer (89 days) Late summer and early autumn (62 days) 
Measured (± standard error) (gC m-2)  -167.9 ± 20.2 -91.5 ± 42.5 
Modelled   estimate 2.5% 97.5% estimate 2.5% 97.5% 
Equation 3.5 (no Pi) (gC m
-2) -102.8 -176.4 -67.4 30.8 -23.6 60.5 
Equation 3.6 (including Pi’) (gC m
-2) -86.0 -150.9 -93.3 -34.7 -93.3 -38.0 
Equation 3.7 (including Pi) (gC m













Figure 3.6: Cumulative net ecosystem CO2 exchange (FN) for the two measurement periods in spring 
and early summer (left panel), and late summer to early autumn (right panel) at the Beacon Farm 
site. Black lines represent measured values of FN (mean of the four clear chambers). The green, pink 
and orange lines represent modelled values of FN without the phytomass index (Equation 3.5), 
incorporating the calculated phytomass index (Pi, Equation 3.6), and incorporating the modelled 
phytomass index (Pi’, Equation 3.7), respectively. 
 
3.4 Discussion 
The use of the phytomass index has been demonstrated to improve estimations of FN in 
rotationally grazed grasslands (Lohila et al., 2004) and has proven to be useful for gap-filling eddy 
covariance data when comparing carbon balance for sites with different grazing timings and 
intensities (Campbell et al., 2015). In my study, the use of chambers with transparent and opaque 
tops enabled us to test the application of the phytomass index to improve estimates of FN as well as 
its components A, RE, RL and RS. My findings show that the effects of grazing on FN are attributable 
mainly to changes in the above-ground components, A and RL associated with changes in leaf area. 
Furthermore, I was able to establish a model to predict the phytomass index from environmental 
variables. On this basis, I demonstrate that the use of the phytomass index could be extended in 
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accounting for the effect of grazing in models developed to estimate and predict carbon balance for 
grazed grasslands with changing environmental conditions and management practices.  
3.4.1 Phytomass index and components of net ecosystem CO2 exchange 
Lohila et al. (2004) showed that Pi calculated from measurements of FN followed the seasonal 
course of canopy leaf area closely. In my study, calculated Pi followed the cycles of above-ground 
biomass imposed by the timing of grazing events and subsequent recovery. Not surprisingly, my 
model for the phytomass index included the three-way interaction of GDC, QC and Sθ used to model 
above-ground biomass harvested during grazing events. Because Pi is calculated from measurements 
of FN at night and day time, the phytomass index also takes into account plant activity (Lohila et al., 
2004) and this was accounted for by the significant response of the phytomass index to TS and θS in 
my model.  
The models including the phytomass index (both calculated and modelled) explained changes in A 
and RL following grazing events much better than the same models not including the phytomass 
index. My findings are consistent with those from many earlier studies that demonstrate decreases 
and recovery in canopy photosynthesis and leaf respiration rates in grasslands associated with 
reductions in above-ground biomass with grazing and subsequent increases in leaf area (Detling et 
al., 1979; Parsons and Penning, 1988). However, predictive performances of the models for RL and RE 
remained relatively poor even when calculated Pi or modelled Pi’ was included. Leaf respiration was 
calculated from RE and RS measured from different sites (chambers) and RS represented over two 
third of RE. I attribute the poor performances of the models for RE and RL to the high variability 
observed in RS. In addition, although RL depends on total leaf area, initial increases after grazing have 
been observed due to a wounding response of the leaves (Macnicol, 1976; Chapter 2). Such a 
mechanism would have weakened the linear increase of RL with the phytomass index and thus 
weakened my models of RL. 
There is evidence that changes in the supply of photosynthetic assimilates below-ground are 
important for regulating RS (Högberg and Read, 2006; Trumbore, 2006). Removal of foliage by 
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clipping has been reported to result in short term changes in RS concurrently with decreased 
photosynthesis in grasslands (Bremer et al., 1998; Bahn et al., 2006). The poor explanatory ability of 
my models does suggest that RS is responding to variables other than TS and θS and the responses 
could be different for different time scales from hours to years (Bahn et al., 2008; Kuzyakov and 
Gavrichkova, 2010). There is an opportunity to explore correlations between photosynthesis and RS 
on different timescales and multi-temporal scales using more recent research techniques such as 
wavelet coherence analyses (Vargas et al., 2010, 2011). Instead, the use of the phytomass index is a 
coarse estimation of above-ground ecosystem activity based on daily changes in driving variables. 
Therefore, it is not a suitable tool to account for time lags in relationships occurring within a day, or 
for the correlations between soil temperature and irradiance, recognised to be a source of error in 
accounting for the effects of A on RS (Kuzyakov and Gavrichkova, 2010). In my study, including 
phytomass index did not improve the response of RS to soil temperature and soil water content. This 
shows that grazing events affected FN mainly through above-ground processes with no significant 
short-term effects on RS at a daily (but not necessarily hourly) timescale, consistent with findings 
from earlier studies (Rogiers et al., 2004; Nieveen et al., 2005; Chapter 2).  
3.4.2 Grazing effects on the net ecosystem CO2 exchange 
At this intensively managed dairy grassland, net ecosystem CO2 exchange (FN) measured using the 
chambers was affected strongly by grazing events. I observed a ‘saw-tooth’ pattern similar to that in 
previous studies investigating the effect of grazing animals on FN using eddy covariance (Soussana et 
al., 2007; Wohlfahrt et al., 2008; Campbell et al., 2015; Hunt et al., 2016). The system appeared to be 
a sink for CO2, with a small difference in the rate of CO2 uptake between the two measurement 
periods.  
The model including modelled Pi’ performed well in estimating FN although the predictive 
performance for the model including calculated Pi was better. Estimations of cumulative net CO2 
uptake from both these models were not significantly different and appeared equally good in 
accounting for the effect of grazing on the cumulative net CO2 exchange. The model that did not 
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include the phytomass index described the components of FN poorly, and also resulted in erroneous 
estimation of cumulative FN at the end of the second period of measurement. Although this was not 
the case for the first period, my results suggest that not accounting for variations in the above-
ground biomass through grazing cycles produces unreliable and potentially significantly biased 
estimates of the net ecosystem CO2 balance. 
3.5 Conclusions  
Removal and regrowth of the above-ground components of the vegetation following grazing 
events resulted in significant cycles on the ecosystem CO2 balance at this intensively managed 
grassland site. The effects were dominated by changes induced on canopy photosynthesis and 
respiration. I showed that these effects could be accounted for by introducing estimates of a 
phytomass index to account for variability in FN, A and RL through grazing cycles.  I demonstrated this 
by calculating changes in the phytomass index from direct measurements of ecosystem CO2 
exchange and I was also able to model the phytomass index using environmental variables. I show 
that not accounting for the effect of grazing could severely mislead conclusions on the net 
ecosystem CO2 exchange of grazed grassland, and therefore on net ecosystem carbon balance. I 
contend that modelling a phytomass index can be used as an approach for improving models of 
grazed grassland ecosystem carbon balance and allowing improved prediction of the effects of 





CHAPTER 4 Soil heterotrophic respiration is insensitive to changes in soil 





Soil organic matter has long been known to be critically important to maintain ecosystem 
services, including sustainable production of food and fibre, water retention and biodiversity (Jenny, 
1941; Miller and Donahue, 1990; Powlson et al., 2011). Findings from the past few decades have 
supported the concept that the chemical structure of soil organic matter regulates its microbial 
degradation and that the existence of compounds in the soil, referred to as ‘humic substances’, are 
inherently recalcitrant to microbial degradation (Schmidt et al., 2011; Lehmann and Kleber, 2015). 
However, recent research is challenging this contention, with findings showing that the chemical 
structure of organic matter is unrelated to its residence time (Marschner et al., 2008; Kleber and 
Johnson, 2010; Schmidt et al., 2011). The emerging interpretation is that microbial access to 
substrate is regulating soil organic matter cycling, with chemical recalcitrance restricted to a 
marginal role (Schmidt et al., 2011; Dungait et al., 2012; Lehmann and Kleber, 2015). The idea of 
limited substrate availability to microbes within the soil matrix casts doubt on major assumptions 
used in models that address the response of soil carbon exchange to climate change, especially the 
description of the response of soil organic matter decay to temperature (Davidson and Janssens, 
2006) and water status (Moyano, 2013). New experimental approaches to characterise the relative 
importance of chemical recalcitrance and physical protection of soil organic matter in regulating the 
stability and decay of soil organic matter are required (Schmidt et al., 2011; Dungait et al., 2012; 
Lehmann and Kleber, 2015).  
In terrestrial ecosystems, the rate of soil respiration (RS) is the largest component (60-90%) of CO2 
losses from the soil to the atmosphere (Longdoz et al., 2000) and is the result of two processes: root 
and rhizosphere respiration (autotrophic respiration, RA), and microbial decomposition of soil 
organic matter (heterotrophic respiration, RH). Because RA has little effect on long-term changes in 
soil organic matter (Kuzyakov, 2006), understanding the variables regulating RH, independent from 
those regulating RS and RA, is critically important to forecast future changes in soil organic matter 
stocks and, subsequently, changes in the atmospheric CO2 concentration. Empirical evidence for 
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concluding the dominance of chemical recalcitrance in regulating soil organic matter turnover is 
derived mainly from studies involving laboratory incubations on samples removed from the soil 
(Kirschbaum, 1995; Davidson and Janssens, 2006; Manzoni et al., 2012). Alternatively, observations 
have been made from field studies using techniques that disturb the soil environment and remove 
the autotrophic component to measure RH, for example by trenching, shading or burning the 
vegetation (Kuzyakov, 2006). These techniques potentially overlook the direct effects of the roots 
and the rhizosphere on RH (Subke et al., 2006; Paterson et al., 2009). Soil structure is linked 
intimately to the processes that stabilise organic matter and protect it from microbial degradation. 
These mechanisms include the formation of aggregates that isolate the substrate and its binding to 
silt and clay particles (Six et al., 2000; 2002). These stabilisation mechanisms create conditions in 
which the substrate concentration located near to decomposers is reduced within the soil matrix 
(Davidson and Janssens, 2006; Dungait et al., 2011). The formation of aggregates and their stability 
result from complex interactions within the soil matrix, involving the whole soil biota, including roots 
(Bronick and Lal, 2005). Zakharova et al. (2014) showed that physical disturbance of soil resulted in 
the release of previously protected labile sources of carbon that became accessible for microbial 
degradation. Modifying the aggregation structure of the soil through physical extraction, including 
sieving and/or root removal, creates an artificial environment in which microbial access to 
chemically labile organic matter is temporarily unlimited (Zakharova et al., 2014). Thus, results from 
studies that modify soil structure, or supply the soil with substrate for microbial degradation, must 
be interpreted with caution, because they are likely to underestimate the importance of organic 
matter protection in regulating soil organic matter decomposition.  
Application of stable carbon isotope techniques have provided the opportunity to investigate the 
variables regulating RH in field conditions while avoiding disturbance of soil structure (Kuzyakov, 
2006; Subke et al., 2006; Paterson et al., 2009). These methods are based on measurable differences 
in the 13C isotopic signatures (δ13C) of the CO2 respired from RH and RA (δ13CRA and δ13CRH, 
respectively). Most studies to date have used C3/C4 plant isotopic shifts to amplify the difference 
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between δ13CRA and δ13CRH. In C3 ecosystems δ13CRH is typically 2-4‰ enriched compared with the 
values of δ13CRA (Bowling et al., 2008). This difference has been shown to be measurable (Midwood 
et al., 2008) and extends the application of the natural abundance of 13C to C3 systems more 
generally (Millard et al., 2010; Graham et al., 2012; Snell et al., 2014; Chapter 2). 
Considerable effort has been undertaken to relate fractions of soil organic matter that can be 
separated chemically or physically to theoretical pools of carbon of biological relevance, with 
different turnover times (Wander, 2004; von Lützow et al., 2007). Isolating fractions representing a 
passive carbon pool has proven to be particularly difficult, but labile fractions have been identified 
with more success (von Lützow et al., 2007). This has been achieved using water soluble organic 
matter fractions, including dissolved and hot water extractable organic matter (Ghani et al., 2003; 
Gregorich et al., 2003). These methods assume that easily degradable substrate will be more water 
soluble than other fractions of soil organic matter (McLauchlan and Hobbie, 2004). Thus, the ‘lability’ 
of the carbon isolated through this method is defined by its chemical structure. To relate fractions 
more closely to bioavailability, particulate organic matter can also be isolated by physical 
fractionation on the basis of particle size. Different particle sizes represent different aggregate levels 
providing different degree of physical protection to organic matter (Six et al., 2002). Small particle 
sizes (53–2000 µm) are defined as the organic matter not bound to mineral particles (Gregorich et 
al., 2006), which define higher level of organic matter protection (Six et al., 2002). Coarse (250–2000 
µm, macro-organic matter) and fine (53–250 µm, particulate organic matter) fractions can be 
distinguished (Willson et al., 2001; Wander, 2004). Six et al. (2001) defined the coarse fraction as 
unprotected and the fine fraction as the first level of physical protection. Here, the lability of the 
carbon is defined by its degree of physical protection, with decreasing particle size providing higher 
degree of protection (e.g. reduced lability) by isolation from microbial biomass and reduced oxygen 
diffusion. These labile fractions (e.g. macro-organic matter and particulate organic matter) often 
show correlation with total soil organic carbon content (McLauchlan and Hobbie, 2004) and the 
proportions of each fraction have been used as early indicators to forecast changes in soil organic 
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matter levels under different land management practices and environmental conditions (Ghani et 
al., 2003; Gregorich et al., 2006). Specific surface area (SA) of the soil can also been measured as an 
indicator of physical protection to organic matter (Parfitt et al., 2001; Kahle et al., 2002) and was 
related to the mean residence time of added labile carbon in soils of different mineralogy (Saggar et 
al., 1999). Parfitt et al. (2001) provided a rapid easy method to measure SA in similar soils in New 
Zealand, based on the water content of air-dried soil samples. As specific surface area largely resides 
in the clay fraction (Parfitt et al., 2001), this may provide a higher degree of protection compared to 
the fine and coarse particle size fractions defined above and thus provides an easy indicator to 
estimate the degree of protection. In this study, an approach is proposed to relate estimates of RH 
and RA in an undisturbed pure C3 grassland to both environmental fluctuations and indicators of 
physical soil protection of soil organic matter. I partition the components of RS and estimate values 
of RH, RA and the fraction of RS attributable to RH, fRH, using the natural abundance 13C technique  in a 
factorial field experiment with treatments that manipulated water and nitrogen availability, with 
relevance to the widespread pastoral agriculture intensification in New Zealand, where irrigation 
and addition of nitrogen fertiliser are applied. I relate estimates of RH and RA to chemically (hot 
water extractable carbon) and physically (macro and particulate organic matter) defined labile pools 
of carbon as well as soil specific surface area, an indicator of organic matter protection capacity. My 
objectives were to (i) observe the effects of the irrigation and nitrogen addition treatments on 
respiration rates and labile fractions of soil organic matter and (ii) test the hypothesis that RH, as 
opposed to RA, is under the control of both environmental fluctuations and the availability of soil 
organic matter. 
4.2 Materials and methods 
4.2.1 Site description 
The measurements were made at a field site located at Ashley Dene Farm, Lincoln, Canterbury, 
New Zealand (latitude 43.40° S, longitude 172.20° E, elevation 35 m above sea level). The site was 
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flat and had been managed under extensive sheep farming for more than 50 years prior to the 
experiment, with no irrigation and no input of nitrogen fertiliser. The soil was a deep stony silt loam, 
excessively drained and described as a mixture of Balmoral and Lismore according to New Zealand 
classification (Hewitt, 2010).  
4.2.2 Experimental design 
The experimental design consisted of six circular plots with a radius of 2 m (area 12.5 m2) 
distributed in a 50 by 30 m area. Three plots were selected randomly for irrigation (treatment I1), 
and the three remaining plots were left unirrigated (treatment I0). Within each plot, half was 
selected randomly for the addition of mineral nitrogen fertiliser (treatment N1), and the other half 
was left with no fertiliser added (treatment N0). The experimental layout was a full factorial design 
with the nitrogen treatment nested in the irrigation treatment, and with three replicates of each of 
the four combinations, for a total of twelve semi-circular plots: non-irrigated / non-fertilised 
(control, I0N0), non-irrigated / fertilised (I0N1), irrigated / non-fertilised (I1N0) and irrigated / fertilised 
(I1N1). The treatments were first applied early spring (October 2014). 
The circular plots were split in a north-south direction for the nitrogen treatments to avoid 
differences in incident irradiance. Sprinklers were placed at a height of 2 m above the centre of each 
of the irrigated plots, allowing irrigation of the whole surface area with 15 mm of water every three 
days. When wind speed was high, irrigation was delayed to avoid uneven distribution of water 
within each plot and loss of water to the surrounding areas. To simulate rotational grazing by 
animals, the grass was clipped every three weeks and nitrogen fertiliser, in the form of 17 g of 
NH4NO3 diluted in 10 L of water, was applied evenly over the whole plot using a watering can, 
equivalent to 10 kgN ha-1 for each application (roughly equivalent to 200 kgN ha-1 y-1). The non-
fertilised plots were treated by adding 10 L of water only. Environmental variables were recorded at 
half-hourly intervals on each day of measurements while partitioning measurements were being 
made. These included air temperature (Ta), relative humidity (humidity and temperature transmitter, 
model Humitter 50U/50Y(X), Vasaila, Helsinki, Finland) and wind speed (anemometer, model 
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A101M, Vector Instruments, Clwyd, UK). Measurements of soil temperature at a depth of 50 and 
100 mm (TS, thermocouples, Type E, Omega Engineering Ltd., Stamford, CT, USA) and volumetric soil 
water content 80 mm (θS, soil moisture sensor model ML3, Delta-T Devices Ltd., Cambridge, UK) 
were made at a random location in each of the twelve plots. Rainfall was recorded starting a month 
prior to each campaign (rain gauge, model TE525, Campbell Scientific Inc., Logan UT, USA).   
Two campaigns of measurements were undertaken. The first was in spring (November, spring 
campaign), one month after the start of the treatments, and the second in late summer (March, 
summer campaign) of the same growing season, six months after the start of the treatments. For 
each campaign, two weeks prior to the measurements, two PVC collars (100 mm diameter, 70 mm 
deep) were placed at random locations in each of the twelve plots to a depth of 25 mm for 
measurements of RS and δ13CRS. Measurements were made at least six days after clipping and 36 
hours after rain or irrigation events. 
4.2.3 Natural abundance carbon isotope technique 
The natural abundance carbon isotopic techniques requires the measurement of 13C isotopic 
signatures of the CO2 respired from the undisturbed soil (δ13CRS) as well as the isotopic signatures of 
respiration from soil organic matter turnover (δ13CRH) and that from roots and associated microbes 
(δ13CRA). δ13CO2 values derived from root and soil organic matter represent the two end-members 
for a simple linear mixing model to determine the proportion of RH (fRH) and RA (fRA) contributing to 
total RS. RH and RA can then be calculated by multiplying RS by fRH and fRA, respectively, such that  





𝑓𝑅𝐴 = 1 −  𝑓𝑅𝐻. (4.2) 
4.2.4 Measurements of δ13CRS 
Simultaneous measurements of δ13CRS from six locations were made by collecting air respired 
from the soil surface using a partially automated open chambers system as described by Midwood et 
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al. (2008). The chambers were placed on the collars set in the soil and pressed on high density foam 
to form a seal. After the CO2 concentration in the chamber was steady on a target of 450 µmol mol-1, 
approximately 500 ml of respired air was collected into Tedlar® bags that were flushed twice with 
CO2 free air and evacuated prior to use. To achieve the target concentration of 450 µmol mol-1, the 
CO2 free air entering the chamber and the surface efflux leaving the chamber were controlled using 
mass flow controllers, with a lower precision limit of 200 ml min-1 (model FMA5510, Omega 
Engineering Ltd., Stamford, CT, USA). At low respiration rates, less than 2 µmol m2 s-1, the flow of 
CO2 free air entering the chamber required to reach the target concentration is less than 200 ml min-
1. At this flow rate, the mass flow controllers become unreliable and were likely to provide excess 
flow resulting in the CO2 concentration in the chamber being less than 450 µmol mol-1. To exclude 
any artefacts resulting from this change in concentration, measurements where soil respiration rates 
(RS) was less than 2 µmol m2 s-1 were discarded, resulting in the loss of nine replicates overall (one, 
three and four for the I1N1, I0N1 and I0N0 treatments, respectively, during the spring campaign, and 
one from the I0N1 treatment during the summer campaign). Furthermore, with the open chamber 
system, the rate of soil respiration is calculated from the measured CO2 concentration in the 
chamber and the flows in and out of the chambers, provided by the mass flow controllers. Since 
these flows are unreliable when RS was less than 2 µmol m2 s-1, estimation of RS also becomes 
unreliable. To overcome this problem, within a few minutes after the collection of air, each chamber 
was removed from the collars and RS was measured using a closed dynamic system (model LI-8100, 
LI-COR Inc., Lincoln, NE, USA).  
4.2.4.1 Heterotrophic end member incubations and extrapolation technique 
The instability in 13C respired from roots after excision is species-specific (Midwood et al., 2006) 
but δ13CRA has been shown to remain stable up to 2.5 h in ryegrass mesocosms (Chapter 2). 
However, shifts in δ13CRH have been shown to change exponentially with time after a soil core is 
extracted (Millard et al., 2010; Snell et al., 2014; Zakharova et al., 2015, 2014). Thus there is a need 
to operate as rapidly as possible so that the measured value δ13CRH is as close as possible to the 
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value prior to disturbance (time zero), but also to wait long enough for the CO2 concentration in the 
bag to be within the range 250-750 µmol mol-1 needed to ensure optimum precision for the isotope 
analysis. This practical limitation often prevents the measurement of δ13CRH to be made consistently 
at a given time after time zero. To overcome this, Snell et al. (2014) suggested that back 
extrapolation of values of δ13CRH to the time zero using regression analysis would be a consistent 
and practical way to estimate δ13CRH. However, the exact timing of the start of the exponential 
decrease in δ13CRH prior to 5 min after excavation of the soil core is unknown. To improve the 
estimation of δ13CRH, I tested and used an approach using regression to extrapolate measurements 
backwards to the values at the minimum practical time of 4 min after disturbance (Appendix A). 
4.2.5 Measurements of δ13CRH and δ13CRA 
Measurements of the isotopic signatures of the end members for root-free soil (δ13CRH) and roots 
(δ13CRA) were made following the technique described by Millard et al. (2010) and Snell et al. (2014). 
After RS had been measured, samples of roots and soils were collected. The collars were removed 
and soil cores were extracted using a 100 mm diameter steel tube hammered into the soil to a depth 
of 200 mm. The soil from the core was broken up loosely and roots and stones were removed by 
hand and discarded. The root-free soil and the roots were placed into different air tight bags 
(Tedlar® Keika Ventures, Chapel Hill, NC, USA). The bags were sealed then flushed quickly three 
times and filled with approximately 500 ml of CO2 free air. After an incubation period, typically 5 to 7 
min for the root-free soils and 2.5 h for the roots, an aliquot of gas was removed and the CO2 
concentration checked to make sure it fell within the range 250-750 µmol mol-1. The air in the bags 
was then sampled for measurements of δ13CO2.  
All gas samples were analysed for δ13C values using a tunable diode laser (TDL) (TGA100A; 
Campbell Scientific Inc., Logan UT, USA) with an instrument precision of 0.2‰. 
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4.2.6 Soil analyses 
After measurement, the root-free soils were mixed thoroughly and a subsample from each soil 
core (approximately 50 g) was placed in a plastic bag and stored at ‒4 °C. The soil samples were 
analysed subsequently for hot water extractable carbon (CHW), dissolved organic carbon (CD), specific 
surface area (SA), macro-organic matter (CMOM) and particulate organic matter (CPOM). Prior to 
analysis, the soil samples were weighed, air dried at 30° C for 24 hours and sieved through a 2 mm 
sieve. Total soil carbon (Ctot) and nitrogen (Ntot) concentrations were also analysed, using a CN 
analyser (model TruMAc, Leco Corporation, USA), from subsamples (approximately 1 g) that were 
pre-ground with a mortar and pestle.  
4.2.6.1 Chemical extractions for carbon fractions 
The methods for chemical extraction were adapted from the protocol described by Ghani et al. 
(2003). Subsamples (3 g) were weighed into centrifuge vials, 30 ml of deionised water added, and 
the vials were capped and shaken for 30 minutes. The vials were then centrifuged for 20 minutes at 
2 942 g and the supernatant filtered to 0.45 µm through filter paper (Advantec 5C filter paper) into 
vials for analysis of CD. The vials with the soil and the remaining water were weighed. An additional 
30 ml of deionised water was added and the vials were capped and shaken to re-suspend the soil. 
The vials were placed in a hot water bath at 80 °C for 16 hours and then centrifuged for 20 minutes. 
The supernatant was filtered through 0.45 µm using filter paper into vials for analysis of CHW. Hot 
water extractable carbon and dissolved organic carbon were measured on a carbon analyser (model 
5000A analyser, Shimadzu, Tokyo, Japan).  
4.2.6.2 Specific surface area and gravimetric water content 
The specific soil surface area was calculated from the water content of air-dried soil (wad), using 
the linear regression reported by Parfitt et al. (2001) where 
𝑆𝐴  =  2 𝑤𝑎𝑑 (4.3) 
69 
 
and wad was calculated from the difference in mass between the air-dried soil (30° C for 24 hours) 
and oven-dried soil (105° C to a constant mass). Gravimetric water content (WS) was calculated as 
the ratio of the mass of water lost by oven drying and the mass of oven dried soil (Gardner, 1986).  
4.2.6.3 Physical fractionation of macro and particulate organic matter 
Particulate organic matter was separated into size fractions using the protocol described by 
Willson et al. (2001). Subsamples of 20 g were weighed into glass beakers and 60 ml of deionised 
water added. An ultrasonic probe (model Sonoplus HD 2200, mean power output 63.6 W; Bandelin 
Electronic, Berlin, Germany) was used to disperse particles in a 60 s treatment. The suspension was 
washed through two successive metal sieves with pore diameters of 250 and 53 μm. Both size 
fractions (250-2000 μm, macro-organic matter and 53-250 μm, particulate organic matter) were 
analysed for carbon and nitrogen concentration with a CN analyser (model TruMAc, Leco 
Corporation, USA). 
4.2.7 Statistical analyses 
All statistical analyses were conducted using R version 3.2.1 (R Development Core Team, 2014). 
To characterise changes in environmental variables between the two measurement campaigns, half 
hourly measurements recorded during the partitioning process were averaged for both campaigns 
and compared using the Students t-test.  
Changes in soil properties (CD, CHW, SA, CMOM, CPOM, Ctot and Ntot), environmental variables (TS, WS) 
and components of respiration (RS, RA, RH, and fRH, δ13CRS, δ13CRA and δ13CRH) with irrigation and 
nitrogen treatments were tested with linear mixed-effect models using the ‘nlme’ package (Pinheiro 
and Bates, 2014). For each of these variables, the effects of irrigation and nitrogen addition factors 
and their interaction were assessed separately for each campaign. The nested structure of the 
experimental design was included as random effect as plot/nitrogen treatment/replicate, where 
‘plot’ is a factor discerning the six circular treatment plots. To distinguish between the effect of 
changing environmental variables between the two campaigns and the effect of irrigation and 
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nitrogen treatments, Student t-tests were conducted to test for differences in the control treatment 
(I0N0) between the two campaigns. 
Respiration rates were modelled separately for RS, RA and RH. All models included the nested 
structure of the design as random effect using irrigation/plot/nitrogen/replicate factors. An 
Arrhenius type function describing the response of respiration to TS (Lloyd and Taylor, 1994, 
Equation 4.4) and a non-linear function describing the response of respiration to WS (Bahn et al., 
2008, Equation 4.5) were fitted separately, combined, and then compared to linear functions of TS, 
WS and their interaction using the Akaike’s Information Criterion corrected for small sample size 
(AICC). 
𝑅 =  𝑅10







𝑅 = 𝑒−𝑒(𝑎−𝑏𝑊𝑠)  (4.5) 
I used WS in the models to describe the responses of respiration to soil water content because 
measurements were integrating the whole depth of the soil cores for each replicate. The inclusion of 
TS in the models was tested and compared for measurements made at 50 and 100 mm deep.  
To test for the effects of soil properties on respiration rates, a multiple regression analysis was 
conducted. Based on the models, linear relationships between respiration rates and TS and WS were 
used. A candidate set of models was established to identify which of the soil properties and/or TS 
and WS and their combinations best explained the variability in RS, RH and RA. The models were 
ranked using the AICc to determine the Kullback-Leibler (KL) best model (Burnham and Anderson, 
2002). The AICc identifies the model(s) most strongly supported by the data and is based on bias-
corrected, maximized log-likelihood (LogLik) of the fitted model with a penalty for the number of 
parameters used. The model with the smallest AICc (AICcmin) is the most strongly supported. The 
ΔAICc value is calculated for each model i as Δi = AICci − AICcmin. Following convention, models with 
Δi < 2 are substantially supported by the data; whereas models with Δi > 2 indicate considerably less 
or no support (Anderson, 2007). A measure of the strength of support for either model is described 
by the model probability (Akaike weights, Awi). This is the probability that model i is the KL best 
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model, given the data and candidate set of models (Anderson, 2007). The sum of Awi of the models 
in a candidate set equates to 1. 
4.3 Results 
4.3.1 Climate and control plots during the two campaigns 
During the measurements for the spring campaign the air was significantly cooler and less humid 
and wind speed was higher compared with the conditions for the summer campaign (Table 1). 
Rainfall was lower during the spring campaign, with 26 mm in the month before the first day of 
measurement compared with 52 mm prior to the start of the summer campaign. Volumetric soil 
water content (θS) for the soils in the control plots (I0N0) was significantly lower in the spring 
campaign than that for the summer campaign and soil temperature was significantly higher (Table 
4.1). Ranges in air temperatures were very similar for both campaigns, with minima of 8 and 10 °C 
for the spring and summer campaigns, respectively, and the same maximum temperature of 24 °C. 
However, soil temperatures measured at 50 mm deep ranged from 14 to over 30 °C during the 
spring campaign, whereas temperatures were contained within the range 13 to 22 °C during the 
summer campaign. 
Soil characteristics measured in the control plots (I0N0) did not show significant differences 
between the two campaigns. Similarly, there were no differences between the two campaigns in the 
isotopic signatures of respired CO2 by the soil and the two end members (δ13CRS, δ13CRH, δ13CRA), the 
rates of soil, autotrophic or heterotrophic respiration (RS, RH, RA) and the proportion of heterotrophic 
respiration contributing to total soil respiration (fRH). 
4.3.2 Differences between the treatments 
4.3.2.1 Isotopic signatures and partitioning 
There were no significant differences for δ13CRH, δ13CRA, δ13CRS or fRH between the nitrogen 
treatments and the interactions between the nitrogen and irrigation treatments for these variables 
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were not significant (Table 4.2). In contrast, the value of δ13CRA was enriched for the I0 treatment 
compared with that for the I1 treatment, but the difference was not significant (spring campaign) or 
marginally significant (summer campaign). δ13CRS followed the same trend, but the difference was 
significant for the summer campaign (Table 4.2). During the summer campaign only, δ13CRH for the I0 
treatment was depleted significantly compared with that for the I1 treatment. For the I0 treatment, 
fRH was larger compared with the value for the I1 treatment and this difference was smaller for the 
spring campaign compared to the summer campaign when it was marginally significant (Table 4.2). 
 
Table 4.1: Environmental variables during the campaigns in spring, one month after treatments 
started and in summer, six months after the treatments started. Soil temperature and soil 
volumetric water content were measured in the control, non-irrigated and non-fertilised plots. Only 
soil temperature measured at a depth of 50 mm is represented. The P-values are from Student t-
tests comparing means between the two campaigns. Values for each campaign are means of half-
hourly values recorded on each day when measurements for partitioning were made. All values 
shown are mean ± standard error. 
 
  
    Spring campaign Summer campaign P-value 
Air temperature (°C) 16.9 ± 0.1  18.0 ± 0.1 < 0.001 
Air saturation deficit (kPa) 0.83 ± 0.1 0.72 ± 0.1 < 0.001 
Wind speed (m s-1) 2.9 ± 0.1  2.0 ± 0.1 < 0.001 
Rainfall (mm) 26 52   
Volumetric soil water content (%) 0.14 ± 0.01 0.23 ± 0.01  < 0.001 






Overall, the isotopic signature from CO2 respired from soil (δ13CRS) was (mean ± standard error) 
3.2 ± 0.5 and 2.3 ± 0.6‰ more enriched compared to values of δ13CRA for the spring and summer 
campaigns, respectively. δ13CRS was 3.5 ± 0.5 and 3.0 ± 0.4‰ depleted compared to the back-
extrapolated to 4 min value of δ13CRH, for the spring and summer campaigns, respectively. For one 
replicate the back-extrapolated value of δ13CRH was depleted compared to δ13CRS. This difference of 
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0.2‰ was close to the detection limit of the instrument and the value of fRH for that replicate was 
constrained to be 1.  
 
 
Figure 4.1: Rates of (A) soil respiration, RS, (B) autotrophic respiration, RA, and (C) heterotrophic 
respiration, RH, for the control, I0N0, non-irrigated fertilised, I0N1, irrigated non-fertilised, I1N0, and 
irrigated fertilised, I1N1 treatment for the spring campaign, one month after treatments started and 
the summer campaign, six months after the treatments started. The letters represent significant 
differences between irrigation treatments. The vertical bars indicate standard errors of the mean. 
 
4.3.2.2 Respiration rates 
Soil respiration (RS) was lower for the treatment I0 compared with that for the I1 treatment, for 
both campaigns and the difference was statistically significant in the summer campaign (Table 4.2). 
Autotrophic respiration (RA) followed the same pattern as that for RS, with the difference being 
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statistically significant only for the summer campaign. There were no significant differences in RH for 
either campaign (Table 4.2).  
There were no significant differences in RS, RA and RH between the nitrogen treatments and 
interactions between the irrigation and nitrogen treatments was not significant (Figure 1). Although 
not significant, there were notable differences in RA and RH between the I1N0 and I1N1 treatments 
during the summer campaign (Figure 4.1). RA increased from 2.8 ± 0.3 µmol m-2 s-1 for the N0 
treatment to 4.2 ± 0.8 µmol m-2 s-1 for the N1 treatment, and RH decreased from 2.0 ± 0.4 µmol m-2 s-1 
for the N0 treatment to 1.0 ± 0.4 µmol m-2 s-1 for the N1 treatment. 
RS and RA were strongly correlated, while RS and RH were not (Figure 4.2). The linear model 
describing RS as a function of RA gave an intercept of 2.4 ± 0.2 µmol m-2 s-1 and a slope of 0.71 ± 0.08, 
both significantly different from zero (P < 0.0001). The linear model describing RS as a function of RH 
gave an intercept of 3.4 ± 0.8 µmol m-2 s-1, significantly different from zero (P < 0.001). The 
estimated slope of 0.27 ± 0.21 was not significantly different from zero (P = 0.2, Figure 4.2). 
4.3.2.3 Soil characteristics 
During the spring campaign, there were no significant differences between nitrogen treatments in 
soil characteristics (Table 4.2). Irrigation treatments differed only in TS and WSFor the I0 treatment, 
WS was significantly lower and TS higher than those for the I1 treatment. During the summer 
campaign, WS was also significantly lower for the I0 treatment but there were no differences in soil 
temperature. Only levels of CD and CMOM varied between treatments. The value of CD was lower for 
the I0 treatment compared to that for the I1 treatment and was higher for the N0 treatment 
compared to the value for the N1 treatment. During the summer campaign, the interaction between 
the irrigation and nitrogen treatments for the macro-organic matter carbon (CMOM) was significant. 
Values of CMOM the I1N0 and I1N1 treatments were not significantly different, but the values were 
lower than those of the control plots (I0N0). Values of CMOM for the I0N1 treatment were intermediate 
between those for the other treatments. During the spring campaign, the value of CMOM was higher 
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for the I0 treatment compared with that for the I1 treatment, but this difference was only marginally 
significant (Table 4.2). 
 
 
Figure 4.2: Relationship between rates of soil respiration (RS) and (A) autotrophic respiration (RA) 
and (B) heterotrophic respiration (RH) combined for both measurement campaigns. The solid line 
represent a significant relationship (P < 0.0001) and the dashed line a non-significant relationship 




Table 4.2: Environmental variables for the spring campaign, one month after treatments started and the summer campaign, six months after treatments 
started. The variables shown are soil temperature measured at a depth of 50 mm (TS), soil gravimetric water content (WS), total carbon concentration (Ctot), 
total nitrogen concentration (Ntot), specific surface area (SA), hot water extractable carbon (CHW) dissolved organic carbon (CD), macro-organic matter carbon 
(CMOM), particulate organic matter carbon (CPOM). Also shown are isotopic signatures of CO2 respired by the root-free soil (δ13CRH), autotrophic component 
(δ13CRA), and the soil (δ13CRS), the proportion of heterotrophic respiration from soil respiration (fRH), soil respiration (RS), autotrophic respiration (RA) and 
heterotrophic respiration (RH). Values are means ± standard error for n replicate measurements in each treatment: control (I0N0), non-irrigated fertilised 
(I0N1), irrigated non-fertilised (I1N0) and irrigated fertilised (I1N1). The P-values are the results of linear models testing for the effects of irrigation and 
nitrogen addition treatments and their interactions. When significant (P < 0.05) or marginally significant (P < 0.1), the significant term (Signif.) is 
represented by I for irrigation treatment, N for nitrogen treatment and I*N for the interaction. When the interaction is significant, letters represent 
homogeneous Tukey groups. 
            Non-irrigated, I0 Irrigated, I1     
    Non-fertilised, N0 Fertilised, N1 Non-fertilised, N0 Fertilised, N1 Signif. P-value 
n 2 3 6 5     
δ13CRH -21.8 ± 0.2   > 0.1 
δ13CRA -28.0 ± 0.4 -28.8 ± 0.1  I 0.1 
δ13CRS -25.3 ± 0.4   > 0.1 
fRH 0.48 ± 0.06   > 0.1 
RS 2.9 ± 0.4 4.1 ± 0.3 I 0.1 
RA 1.1 ± 0.3 2.3 ± 0.3 I 0.1 
RH 1.7 ± 0.2   0.9 
WS (g kg-1) 115.7 ± 7.7 163.7 ± 7.8 I 0.039 
TS (°C) 22.4 ± 1.0 17.0 ± 0.5 I 0.037 
Ctot (mg C g-1 soil)  31.9 ± 0.6   > 0.1 
Ntot (mg N g-1 soil)  2.77 ± 0.05   > 0.1 





CHW (µg C g-1soil C) 34.2 ± 0.6   > 0.1 
CD (mg C g-1 soil C) 5.7 ± 0.2   > 0.1 
CMOM (mg C g-1 soil C) 71.0 ± 4.5 53.1 ± 3.3 I 0.08 
CPOM (mg C g-1 soil C) 152.8 ± 12.1   > 0.1 
Summer 
campaign 
n 6 5 6 6     
δ13CRH -23.0 ± 0.2 -21.9 ± 0.3 I 0.046 
δ13CRA -27.1 ± 0.4 -28.3 ± 0.3 I 0.08 
δ13CRS -24.3 ± 0.4 -26.4 ± 0.4 I 0.04 
fRH 0.65 ± 0.09 0.30 ± 0.06 I 0.054 
RS 3.3 ± 0.3 5.0 ± 0.4 I 0.036 
RA 1.3 ± 0.4 3.5 ± 0.4 I 0.04 
RH 1.7 ± 0.2   0.4 
WS (g kg-1) 155.3 ± 3.2 220.4 ± 4.5 I 0.001 
TS (°C) 16.3 ± 0.2   > 0.1 
Ctot (mg C g-1 soil)  31.3 ± 0.4   > 0.1 
Ntot (mg N g-1 soil)  2.78 ± 0.03   > 0.1 
SA (m2 g-1 soil) 39.7 ± 0.3   > 0.1 
CHW (µg C g-1soil C) 35.9 ± 0.5   > 0.1 
CD (mg C g-1 soil C) 5.3 ± 0.2 4.4 ± 0.1 6.4 ± 0.2 5.6 ± 0.3 I + N < 0.01 
CMOM (mg C g-1 soil C) 63.9 ± 6.5 a 51.8 ± 4.3 ab 32.9 ± 3.7 b 43.0 ± 3.4 b I * N 0.042 
CPOM (mg C g-1 soil C) 120.7 ± 5.5   > 0.1 
      




4.3.3 Environmental and soil property drivers of respiration rates 
For each component RS, RA and RH, the top eight best KL models are presented in Table 4.3. Soil and 
autotrophic respiration rates were explained mainly by environmental variables, WS and TS, and 
dissolved organic carbon explained a smaller part of their variability. For both RS and RA, TS measured 
at a depth of 50 mm was a better predictor than TS measured at 100 mm (∆AICc > 6).The best-
supported models from the candidate set comprised the same combination of variables for RS and 
RA, including WS, TS measured at 50 mm deep and their interaction and CD. The models yielded the 
relationships: 
RS = 7.1 – 0.08 WS – 0.6 TS + 0.4 CD + 0.007 (WS TS) 
RA = 9.4 – 0.1 WS – 1.0 TS + 0.7 CD + 0.009 (WS TS). 
For RS, the second best model, including only the interaction between WS and TS, was also strongly 
supported (ΔAICc =0.7, Table 3). For RA, this model was the most strongly supported (ΔAICc > 3.6). 
For both RS and RA, the best single-variate model included WS. These models gave slopes of 0.022 
and 0.023 (µmol CO2 m-2 s-1) (g H2O kg-1)-1 for RS and RA, respectively, suggesting respiration rates 
changes of over 60% with the range of water content measured (Figure 4.3). 
Heterotrophic respiration rates (RH) were best explained by a combination of CPOM and SA, with no 
contribution of TS and WS. Among the top eight models, none included WS or TS and six of the 
models, including the best one, included particulate organic matter carbon (CPOM). The best model 
also included specific surface area, and yielded the relationship: 
RH = -4.7 + 0.01 CPOM + 0.1 SA.  
The single-variate model including CPOM (rank 2) and the model including the interaction between 
CPOM and SA (rank 3) were also supported strongly (ΔAICc < 1.4). The first model to include an 
environmental variable was the single-variate model including TS measured at 50 mm deep. This 
model was at the rank 9 and received no support (ΔAICc > 4.9). Similarly, the single variate model 





       





1 RS ~ WS TS + CD 123.4 0 0.32 0.32 -47.45 
2 RS ~ WS TS 124.1 0.7 0.22 0.54 -49.71 
3 RS ~ WS TS + CD + Ctot 125.5 2.1 0.11 0.65 -46.46 
4 RS ~ WS TS + CD + SA 126.9 3.6 0.05 0.71 -47.18 
5 RS ~ WS TS + CHW SA 127.1 3.8 0.05 0.76 -45.07 
6 RS ~ WS TS + CPOM 127.4 4.0 0.04 0.80 -49.44 
7 RS ~ WS TS + Ctot 127.6 4.3 0.04 0.84 -49.59 
8 RS ~ WS TS + CHW 127.7 4.4 0.04 0.87 -49.62 
RA 
1 RA ~ WS TS + CD 130.9 0 0.59 0.59 -51.23 
2 RA ~ WS TS + CD + Ctot 134.5 3.6 0.10 0.69 -50.98 
3 RA ~ WS TS + CD + SA 134.8 3.9 0.09 0.77 -51.11 
4 RA ~ WS TS 134.9 4.0 0.08 0.85 -55.10 
5 RA ~ WS TS + SA 137.1 6.2 0.03 0.88 -54.33 
6 RA ~ WS TS + CPOM 137.4 6.5 0.02 0.90 -54.49 
7 RA ~ WS TS + Ctot 138.2 7.3 0.02 0.92 -54.87 
8 RA ~ WS TS + CD + SA + Ctot 138.2 7.3 0.02 0.93 -50.61 
RH 
1 RH ~ CPOM + SA 112.0 0 0.23 0.23 -45.40 
2 RH ~ CPOM 113.1 1.1 0.13 0.36 -47.61 
3 RH ~ CPOM SA 113.2 1.3 0.12 0.49 -44.28 
4 RH ~ CPOM + SA + Ctot 114.3 2.3 0.07 0.56 -44.81 
5 RH ~ 1 114.4 2.5 0.07 0.63 -49.81 
6 RH ~ SA 114.9 2.9 0.05 0.58 -48.51 
7 RH ~ CPOM + CMOM 115.0 3.1 0.05 0.73 -46.94 
8 RH ~ CPOM + Ctot 116.3 4.3 0.03 0.76 -47.58 
        Table 4.3: Summary of selected best models fitted with environmental variables and soil properties 
to explain variations in soil respiration (RS) autotrophic respiration, (RA) and heterotrophic 
respiration (RH). AICc is the Akaike’s information criterion corrected for small sample size; ΔAICc = 
AICc – AICcmin, where AICcmin is the smallest AICC, representing the best model; Aw, Akaike’s weight; 




Figure 4.3: Rates of (A) soil respiration (RS), (B) autotrophic respiration (RA), and (C) heterotrophic 
respiration (RH) in response to soil gravimetric water content (WS). The lines are linear relationships 
fitted to the data with a solid line representing a significant relationship (P < 0.0001) and the dashed 
line a non-significant relationship (P = 0.7). Open and closed symbols represent replicates 
measurements for the irrigated and non-irrigated plots, respectively. 
4.4 Discussion 
My work has revealed differences in the responses of soil autotrophic and heterotrophic 
respiration rates to irrigation and nitrogen addition in field conditions. My use of the natural 
abundance 13C technique incorporating an improvement for estimating the soil end-member has 
increased my understanding of the factors regulating soil organic matter dynamics. An increase in 
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soil respiration (RS) appeared as a consequence of the irrigation treatment because of a positive 
linear relationship between the autotrophic component (RA) and soil gravimetric water content (WS). 
Decomposition of soil organic matter (RH) was insensitive to changes in WS and TS, but was 
correlated to indicators of physical organic matter protection, measured as specific surface area (SA) 
and availability, measured as particulate organic matter carbon (CPOM).  
4.4.1 Contribution of RH to RS 
Subke et al. (2006) reviewed studies partitioning RS and found that estimates of fRH vary strongly 
depending on the technique used and the ecosystem studied. The studies in temperate grasslands 
analysed by these authors all reported values of fRH close to 0.6 or more but none of them used 
isotopic methods. Using the natural abundance δ13C technique in well-watered temperate 
grasslands, Chapter 2 reported values of fRH of 0.33 using undisturbed soils growing in mesocosms, 
and Graham et al. (2012) reported values averaging 0.29 in a field experiment. In a savannah with a 
mix of C3 and C4 plants, Millard et al. (2008) found values of fRH close to 0.5 when irrigation was 
applied. My estimates of fRH of 0.43 and 0.30 after one and six month of irrigation, respectively, are 
close to the results from these studies using the natural abundance of stable carbon isotopes. 
4.4.2 Response to nitrogen addition 
In grasslands, increases in photosynthesis and light use efficiency in response to addition of 
nitrogen fertiliser are well documented (Evans, 1989; Sinclair and Horie, 1989; Muchow and Sinclair, 
1994). Above-ground productivity may not increase if water supply is limiting, but nitrogen supply 
may become a major limiting factor for growth when water deficits are relieved (Huxman et al., 
2004; Y. Bai et al., 2010; Li et al., 2011). Although not significant, there was an increasing trend in RA 
as a result of addition of nitrogen in well-watered condition in the summer campaign, and this was 
probably attributable to increased photosynthesis promoting increased root activity. In field 
conditions, ryegrass has been shown to take up amounts up to 35 kg N ha-1 when sown as an 
intercrop (Thomsen and Hansen, 2014), and this practice is used commonly to reduce the rates of 
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nitrate leaching (Valkama et al., 2015). Consistent with this, in Chapter 2 I measured no increase in 
total soil and root nitrogen concentration but significant increases in leaf nitrogen concentration in 
ryegrass growing in mesocosms and supplied with 400 kg N ha-1 y-1 in well-watered conditions. Thus, 
not surprisingly at my site dominated by perennial ryegrass, total soil nitrogen concentration and soil 
characteristics remained unchanged as a result of addition of mineral nitrogen fertiliser at a rate of 
200 kg N ha-1 y-1. 
4.4.3 Response to irrigation 
I found a strong positive correlation between RS and RA, with large increases in RS and RA with 
irrigation, and these were statistically significant for the summer campaign, 6 months after the 
treatments were imposed. RS and RA were strongly correlated with soil temperature and water 
content. In contrast, RH varied very little between the treatments in both campaigns and no 
correlation was found between RS and RH. Accordingly, RH was not affected by variations in soil water 
content and soil temperature that resulted from the irrigation up to six months after treatment were 
imposed. These findings suggest that variations in RS are almost entirely attributable to changes in 
the activity of the roots and their associated rhizosphere microbes, with the decomposition of 
organic matter being insensitive to fluctuations in TS measured at 50 and 100 mm deep and WS.  
4.4.4 Drivers of heterotrophic respiration, RH 
In a meta-analysis of the effects of soil water content on RH from soil incubations, Manzoni et al. 
(2012) observed an effect of incubation time on respiration rates and attributed this to decreasing 
substrate concentration. Assuming a first order kinetic decay of substrate concentration with soil 
incubation time, Moyano et al. (2013) modelled the effect of different substrate availability on the 
response of RH to soil water content and found that the maximum respiration rates expected for 
ideal water contents (field capacity) decreased markedly when substrate concentration decreased. 
Decreasing substrate concentrations were reported in a different meta-analysis using incubated soils 
and were found to modify the temperature response of organic matter decay (Giardina and Ryan, 
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2000). According to models of enzyme catalysed processes, in conditions of limited substrate 
concentration, decomposition rates are expected to follow Michaelis-Menten kinetics and the 
apparent temperature sensitivity of RH may decrease or disappear (Davidson and Janssens, 2006). 
Evidence from laboratory incubations show that beyond thresholds of soil water content, RH is 
inhibited because of physiological adjustments and microbial death when soil water content is too 
low and because of anaerobic conditions when soil water content is too high (Moyano et al., 2013). 
The range of soil water content observed at my site was thus unlikely to include extreme values 
limiting microbial activity independently from substrate availability. The range of soil temperature I 
measured was also limited and did not include temperatures below 13 °C. Yet variations in these 
environmental variables were large enough to significantly impact RA, especially soil water content, 
which induced changes larger than 60%. Because the technique I used is likely to capture in situ 
organic matter availability and protection in the soil matrix, low substrate availability can explain the 
stability of RH in my experiment. My results support findings from the few others studies using 
isotopic techniques that RH is independent of changes in soil temperature (Giardina and Ryan, 2000; 
Graham et al., 2012). 
The interaction between specific surface area, an indicator of soil protection capacity, and 
particulate organic matter, a physically unprotected labile fraction, provided the best description of 
differences in RH in my study. This provides a strong indication that rates of organic matter 
decomposition are regulated by accessibility of decomposers to substrates. As no changes were 
observed between treatments at my site, the correlation between RH and SA and CPOM was 
attributable to spatial heterogeneity. Few studies have attempted to use labile fractions as early 
indicators of changes in soil organic matter content under different land management practices. 
Ghani et al. (2003) observed a decrease in the hot extractable water carbon fraction after five years 
of nitrogen fertiliser addition in grazed grasslands in New Zealand. Cambardella and Elliott (1992) 
showed a decrease in the particulate organic matter levels after 20 years of different tillage practices 
compared with those in a no tillage treatment. With my measurements at 1 and 6 months after the 
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treatments started, it is not surprising that I did not demonstrate changes in hot water extractable 
and particulate organic matter fractions of carbon. Furthermore, from these observations it appears 
conceivable that soil physical protection of organic matter may change under sustained irrigation 
and nitrogen addition for longer period of time, with possible consequences for soil organic matter 
decomposition. However, the magnitude and direction of these changes cannot be inferred and 
long-term studies are also needed.  
4.4.5 Drivers of autotrophic respiration, RA 
Differences in above-ground net productivity in temperate grasslands are regulated mainly by soil 
water content (Flanagan et al., 2002; Hunt et al., 2004; Zhang et al., 2014). In a long term study, 
Flanagan and Adkinson (2011) found that interactions between temperature and soil water content 
improved predictions of net productivity significantly. Further, there is growing evidence that root 
and rhizosphere respiration is driven by short-term changes in photosynthesis (Högberg and Read, 
2006). In controlled conditions, ryegrass labelled carbon was respired from roots 0.93 to 1.47 hours 
after shoots were exposed to 13CO2 enriched air, depending on temperature (Barthel et al., 2014). 
The strong correlation between RA and the interaction of soil water content and temperature in my 
study is consistent with these findings.  
Dissolved organic carbon increased in response to irrigation and this was correlated with RA. Soil 
water content largely determines the amount of organic matter that is recovered in the dissolved 
fraction (Zsolnay, 2003). In a 14C labelling study, ryegrass was shown to allocate more than 1% of the 
carbon to the dissolved organic carbon pool within the few hours after labelling (Domanski et al., 
2001). This suggests that the increased CD in my irrigated plots may have been derived from the 
release of fresh plant material. Reviewing the effects of land management practices on CD across 
different ecosystems, Chantigny (2003) found contrasting results from inorganic nitrogen addition. 
In grasslands, the limited data available suggest a positive relationship between dissolved organic 
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carbon losses through leaching and mineral nitrogen fertiliser addition (McTiernan et al., 2001). This 
is consistent with the small decrease in CD in my plots with added nitrogen in the second campaign. 
Changes in macro-organic matter carbon (CMOM) might also be explained by changes in root 
turnover and activity. Macro-organic matter has been shown to be composed partially of plant 
residues (Magid and Kjærgaard, 2001; Willson et al., 2001). Higher root mortality in the conditions of 
low soil water content in my non-irrigated plots would have resulted in an increase in dead root 
material retained on a 250 µm sieve and this could explain higher macro-organic matter content. 
This is supported by the low rates of RA in the non-irrigated plots and with findings in the literature. 
For example, Zhou et al. (2012) reported a significant reduction in root death rate in a tallgrass 
prairie in response to irrigation. Similar results were found by Bai et al. (2010) as a consequence of 
increased precipitation in a temperate, low-productivity grassland. Accordingly, it has been observed 
that water deficits can increase fine roots mortality and reduce root biomass in forest ecosystems 
(Green et al., 2005; Meier and Leuschner, 2008). 
4.5 Conclusions 
I found a strong effect of irrigation on RS and RA in a grassland up to six months after the 
treatments were imposed, associated with positive correlations between RS, RA and soil water 
content. In contrast, I showed that soil organic matter decomposition was insensitive to the same 
changes in soil temperature and soil water content. My work provides support for the few earlier 
studies (Giardina and Ryan, 2000; Millard et al., 2010; Graham et al., 2014; Chapter 2) where 
heterotrophic respiration has been measured using non-disruptive techniques including the use of 
carbon isotopes, challenging the idea that soil temperature and water content are strong drivers of 
changes in RH. Further, I have shown that there is a correlation between rates of heterotrophic 
respiration and soil physical properties associated with physical protection of organic matter, namely 
physically unprotected organic matter and soil specific surface area.  
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Most models describing rates of soil organic matter turnover define compartments of organic 
matter in kinetically defined pools with different turnover times (Smith et al., 1997; von Lützow et 
al., 2007; Schmidt et al, 2011; Dungait et al., 2012). Recognising microbial access to organic matter 
as a predominant factor in regulating soil organic matter decomposition casts doubt on the 
biological relevance of these pools and their usefulness in models to predict changes in soil organic 
matter in response to climate change and land use change. My study provides empirical evidence for 
the existence of a correlation between microbial access to organic matter and soil organic matter 
cycling. Further studies are required to confirm the significance of this relationship on the long-term 
regulation of soil mineral composition and the effects of physical protection of soil organic matter on 
RH (Schmidt et al., 2011). 
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CHAPTER 5 Effects of irrigation and addition of nitrogen fertiliser on net 






Managing agricultural lands to sequester soil carbon is consistent with the urgent need to meet 
the requirement for food production for an increasing world population and mitigate the rate of 
climate change by partly offsetting anthropogenic CO2 emissions (Lal, 2004, 2009). Globally, grazed 
grasslands account for 70% of agricultural lands (FAOSTAT 2012) and they represent an important 
component of the global carbon cycle. Irrigation and addition of nitrogen fertiliser provide options to 
increase productivity and potentially enhance soil carbon stocks (Conant et al., 2001; Lal, 2009). 
Increased pasture productivity may lead to increased soil organic carbon storage if gross primary 
production (A) exceeds the losses through ecosystem respiration (RE) and biomass export by grazing 
animals (Fexport). However, the balance between carbon inputs and losses (net ecosystem carbon 
balance, NB) is dependent on management decisions determining the timing and intensity of grazing, 
water and nitrogen inputs (Ammann et al., 2007; Soussana et al., 2010).  
In New Zealand, conversion of dryland extensively grazed grasslands to dairy farming is a major 
land-use change typically involving intensification that includes large inputs of nitrogen fertiliser and 
irrigation in regions with relatively low rainfall (MacLeod and Moller, 2006). Grasslands represent 
40% of the New Zealand land surface area (MacLeod and Moller, 2006) and store 50% of the 
national carbon inventory (Tate et al., 2005). With increased productivity, this management also 
supports intensive rotational grazing, with higher stock numbers per unit area grazing for shorter 
periods repeatedly through the year. A key step to determine both the economic and environmental 
sustainability of New Zealand dairy production is to understand soil carbon dynamics in relation to 
pasture management incorporating intensification. 
Available data quantifying the impact of dairy farming management on soil carbon dynamics in 
New Zealand is scarce. Using repeated soil core sampling through time, Schipper et al. (2007, 2010) 
showed losses of soil carbon under long-term pastoral management, particularly under intensively 
managed dairy pasture, but the findings were later shown to confounded by soil type (Schipper et 
al., 2014). Short-term approaches to estimate net ecosystem carbon balance using the eddy 
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covariance show different results at different sites, with studies showing grassland as a net sink 
(Rutledge et al., 2015) or a source (Campbell et al., 2015) of carbon to the atmosphere even under 
similar non-irrigated but intensively managed dairy systems. Only one study in New Zealand has 
described the dynamics of carbon balance in an intensively managed dairy system incorporating 
irrigation and addition of nitrogen fertiliser (Hunt et al., 2016). The findings showed an increase in 
net ecosystem carbon uptake in the fifth year after conversion in comparison with an adjacent, non-
converted, extensively sheep-grazed pasture with no irrigation and low fertiliser input. However, this 
contrasts with observations from other soil core sampling studies, showing decreases in soil carbon 
content after 60 years of irrigation (Condron et al., 2010; Schipper et al., 2013), or no effect at a 
depth of 0.8 m, 11 years after conversion to dairy farm management with irrigation and intensive 
grazing (Kelliher et al., 2015).  
Improved understanding of the mechanisms regulating the components of net ecosystem carbon 
balance and changes in soil carbon storage is essential to explain differences between observations 
at different sites under different conditions and to forecast the effects of different management 
practices. While eddy covariance studies can be used to quantify net ecosystem CO2 exchange at 
paddock scales, they do not allow partitioning of ecosystem respiration into its above and below-
ground components, or separating the effects of key management practices such as irrigation and 
addition of nitrogen fertiliser. Furthermore, while large changes may occur rapidly after land use 
change (Soussana et al., 2010), no studies in New Zealand so far reports changes in ecosystem 
carbon balance immediately after conversion to intensively managed dairy farming. 
In this study, we measured the net ecosystem carbon balance and its components at a field site 
within the first year of conversion from a dryland, grazed grassland to an intensive, rotationally 
grazed system incorporating irrigation and the addition of nitrogen fertiliser. Net ecosystem CO2 
exchange (FN), gross canopy photosynthesis (A), ecosystem respiration (RE), above-ground plant 
respiration (RL), soil respiration (RS) and biomass export through grazing (Fexport) were measured 
seasonally on adjacent plots at the same site comprising control treatments (no irrigation, no 
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application of nitrogen fertiliser) with treatments incorporating irrigation and addition of fertiliser 
for a year. To characterise the effects of irrigation and addition of nitrogen fertiliser in intensively 
rotationally grazed pastures, I simulated intensive grazing for all treatments with regular clipping of 
the grass, each followed with addition of nitrogen. My objectives were to (i) characterise the single 
and interactive effects of irrigation and nitrogen fertiliser on seasonal measurements of carbon 
balance components in an intensively grazed grassland ecosystem, and (ii) estimate and model 
annual net ecosystem carbon balance and its components from physiological response of A, RL and 
RS to irradiance (Q), soil volumetric water content (θS), soil temperature (TS) and air temperature (Ta) 
for each treatment. 
5.2 Materials and methods 
5.2.1 Site description 
The measurements were made at a field site located at Ashley Dene Farm, Lincoln, Canterbury 
(latitude 43.40° S, longitude 172.20° E, elevation 35 m above sea level). The site was flat and had 
been managed under dry sheep farming for more than 50 years prior to the experiment. The soil is a 
stony silt loam with shallow topsoil (0.2 m depth), excessively drained and classified as a mix of 
Balmoral and Lismore according to New Zealand classification (Hewitt, 2010). The climate at Ashley 
Dene is temperate, with mild winters and warm, dry summers. Mean annual rainfall is 600 mm 
(NIWA 2014). 
5.2.2 Experimental design 
The experimental design consisted of six circular plots with a radius of 2 m (12.5 m2 area). Three 
plots were selected randomly for the irrigation (treatment I1), and the three remaining plots were 
left non-irrigated (treatment I0). Within each plot, one half was selected randomly for the addition of 
mineral nitrogen fertiliser (treatment N1), and the other half was left with no fertiliser added 
(treatment N0). The circular plots were split in a north-south direction for the nitrogen treatments to 
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avoid differences in incident irradiance. The experimental layout was a full factorial nested design 
with the nitrogen treatments nested within the irrigation treatments, resulting in four combinations. 
With three replicates of each of the four combinations, there were a total of twelve semi-circular 
plots: non-irrigated / non-fertilised (control, I0N0), non-irrigated / fertilised (I0N1), irrigated / non-
fertilised (I1N0) and irrigated / fertilised (I1N1). In each of the twelve plots, two 200 mm diameter and 
two 100 mm diameter PVC collars were inserted into the soil to a depth of 30 mm. The 200 mm 
diameter collars included plant leaves and were used for measurements of net ecosystem CO2 
exchange (FN) and ecosystem respiration (RE). The 100 mm diameter collars excluded the plant 
leaves by being placed in the soil between grass patches, were kept free of above-ground vegetation 
throughout the whole experiment and were used for measurements of soil respiration (RS). The 
design resulted in 24 replicates (collars), six for each treatment for measurements of FN, RE and RS. 
The treatments were first applied in early spring (October 2014). Sprinklers were placed at a 
height of 2 m above the centre of each of the irrigated plots, allowing irrigation of the whole surface 
area with 15 mm of water every three days. When wind speed was high, irrigation was delayed to 
avoid losses of water to surrounding areas and uneven distribution of water within each plot. There 
was no irrigation during winter, from May to September. To simulate rotational grazing, the grass 
was clipped regularly (approximately every three weeks in spring and summer and every four to six 
weeks in autumn and winter) and nitrogen fertiliser, in the form of 17 g of NH4NO3 diluted in 10 L of 
water, was applied evenly over the whole plot using a watering can, equivalent to 10 kgN ha-1 for 
each application. The non-fertilised plots were treated by adding 10 L of water only. Hereafter, 
simulated grazing events are referred to as grazing events.  
Environmental variables were recorded on site at half-hourly intervals throughout the whole 
experiment, from October 2014 to September 2015. These included air temperature (Ta) and relative 
humidity (humidity and temperature transmitter, model Humitter 50U/50Y(X), Vasaila, Helsinki, 
Finland), wind speed (anemometer, model A101M, Vector Instruments, Clwyd, UK), 
photosynthetically active irradiance (Q, Q40205, LI-COR Inc., Lincoln, NE, USA) and rainfall (rain 
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gauge, model TE525, Campbell Scientific Inc., Logan UT, USA). At a random location in each of the 
twelve plots, soil temperature (TS, thermocouples, Type E, Omega Engineering Ltd., Stamford, CT, 
USA) was measured at depths of 50 and 100 mm and volumetric soil water content (θS, soil moisture 
sensor model ML3, Delta-T Devices Ltd., Cambridge, UK) was measured at a depth of 80 mm.  
5.2.3 Measurements of CO2 exchange and biomass 
FN, RS and RE were measured on thirteen occasions throughout the measurement period, just 
prior to each grazing event. Measurements began on 2 October 2014 (day 0), just prior to the starts 
of the treatments. FN was measured using the purpose-built cylindrical cleared top chamber (200 
mm diameter and 210 mm height) described by Chapter 2 and attached to a portable 
photosynthesis system (LI-6400XT, LI-COR Inc., Lincoln, NE, USA) designed to work as a closed 
system. The chamber was vented to the atmosphere to avoid pressure fluctuations and a small fan 
moving the air at 50 L min-1 (V249L, 6V, Micronel®) was mounted inside the chamber to maintain 
well-mixed conditions. Incident irradiance (Q40205, LI-COR Inc., Lincoln, NE, USA) and air 
temperature (thermocouple Type E, Omega Engineering Ltd., Stamford, CT, USA) were recorded 
inside the chamber. After each measurement of FN, the chamber was covered with a dark cloth and 
a new measurement was made to obtain RE. For each measurement, the chamber was placed on the 
200 mm diameter collar and CO2 concentration in the chamber was recorded for 70 s. Gross canopy 
photosynthesis (A) was obtained for each replicate on each measurement day by subtracting FN from 
RE. Simultaneous with measurements of FN and RE, RS was measured using a soil respiration closed 
dynamic system (LI-8100, LI-COR Inc., Lincoln, NE, USA) placed on the 100 mm diameter collar in the 
same plot. Measurements of FN, RE and RS were made between 1000 and 1600 NZST.  
In order to obtain Fexport, the grass clipped from each collar during grazing events was oven dried 
to constant mass at 70 ⁰C and weighed. For five of the measurement days, including day 0, the dried 
biomass was ground to a powder in a ball mill for carbon and nitrogen concentration analysis using a 
Dumas elemental analyser (Europa Scientific ANCA-SL, Crewe, UK). The amount of dry mass 
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collected in each collar was multiplied by the leaf nitrogen and carbon concentrations to obtain 
canopy nitrogen content and Fexport, respectively. 
5.2.4 Responses of CO2 exchange to environmental variables 
In order to derive estimates of NB and FN and their components for the whole measurement 
period (hereafter referred to as annual estimates), I developed models using physiological response 
curves of the components of carbon exchange to natural variations of Ta, TS, θS and Q. For the 
purposes of modelling, I subtracted values of RS from values of RE measured simultaneously to 
obtain values of leaf respiration (RL) in each of the twelve plots, such that RL and RS could be 
modelled separately. Leaf respiration responds strongly to air temperature (Ta) (Tjoelker et al., 2001) 
and this was modelled using an Arrhenius-type function where 





𝑇𝑎−227.13 . (5.1) 
R10 is the respiration rate at a basal temperature of 10 °C and E0 is related to the activation 
energy of enzymatic reactions. 
The responses of RS to soil temperature (TS) and soil volumetric water content (θS) were modelled 
using an Arrhenius-type curve (Lloyd and Taylor, 1994) modified to include the effect of θS using a 
Gompertz function (Janssens et al., 2003) where  





𝑇𝑆−227.13 𝑒−𝑒(𝑔−𝑓θs)  . (5.2) 
R10 is the respiration rate at a basal temperature of 10 °C, E0 is related to the activation energy of 
enzymatic reactions and g and f are parameters defining the shape of the sigmoidal response of RS 
to θS. 
The response of gross photosynthesis (A) to irradiance (Q) was modelled with the widely used 
rectangular hyperbole (Luo et al., 2000), where 
 𝐴 = α 𝑄 𝐴𝑚𝑎𝑥
α 𝑄+ 𝐴𝑚𝑎𝑥
 . (5.3) 
α is the light use efficiency and Amax is the rate of gross photosynthesis under saturating irradiance. 
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5.2.5 Phytomass index 
In rotationally grazed grasslands, FN and its above-ground components can be severely affected 
by the removal of above- ground biomass due to grazing (Lohila et al., 2004; Nieveen et al., 2005; 
Soussana et al., 2007; Campbell et al., 2015). An empirical phytomass index (Pi) can be calculated 
from continuous CO2 flux measurements as the difference between average values of FN during the 
day time and night time (normalised on seasonal maximums), and this methodology has been used 
successfully to account for above-ground biomass variation throughout grazing cycles and seasonally 
in grazed grasslands (Chapter 3). I adopted this methodology, modelling the phytomass index from 
environmental variables. I then produced new parameters in the models for RL, RS and A by 
multiplying Equations 5.1, 5.2 and 5.3 by Pi.  
In a chamber study with continuous measurements of FN, in Chapter 3 I modelled the phytomass 
index from parameters related to above-ground plant activity. In addition, Lohila et al. (2004) 
observed that Pi closely followed variations in canopy leaf area throughout the year. Thus, in the 
absence of a continuous record of FN, I estimated values of Pi from measurements of above-ground 
biomass normalised on the annual maximum value. Measurement of dry-mass collected during each 
clipping event was assigned to the value of Pi on the last day of each grazing cycle. I then modelled Pi 
as a function of cumulative growing degree day between each grazing event (GDC), used widely to 
describe rates of plant growth (Ritchie and Nesmith, 1991; Gramig and Stoltenberg, 2007). Here I 
adapted my previous methodology (Chapter 2) in which I observed that pasture growth increased to 
a steady state in an asymptotic exponential fashion with time after grazing in irrigated grassland 
growing in mesocosms. I estimated values of Pi for each day between each grazing event as an 
asymptotic exponential function of GDC, starting from 0 on the day of the grazing events, and 
reaching a steady-state value, considered equal to the value of Pi calculated from biomass 




 × (1 − 𝑒−𝑧 𝐺𝐷𝐶) . (5.4) 
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GDCmax is the value of GDC on grazing days, corresponding to values for Pimax, and z is the parameter 
defining the shape of the curve that can be calculated from the value of GDC for which 95% of Pimax is 
reached (GDC95). Following Chapter 2, mean GDC at nine days after grazing was close to 100 °C and 
this value was used as GDC95 throughout the whole year for all treatments, so that z = 0.03 °C-1.  
5.2.6 Statistical analyses 
The effects of irrigation and nitrogen addition on seasonal measurements of FN, RE and RS were 
assessed using linear mixed effect models conducted using the ‘nlme’ package (Pinheiro and Bates, 
2014) of R (version 3.2.1, R Development Core Team, 2014). The proportion of RE contributed by RS, 
the canopy nitrogen content and the above-ground biomass accumulated in each 200 mm diameter 
collar over the whole year were analysed in the same way. The proportion of RE contributing to RS 
was calculated from the simultaneous measurement of RE and RS. Each measurement of FN, RE, RS, 
each calculated proportion, each value of canopy nitrogen content and each value of cumulated 
biomass was treated as a replicate. Irrigation, nitrogen addition, measurement date (except for the 
cumulated biomass) and their interactions were included as fixed effects. The nested structure of 
the experimental design was included as random effect as plot/nitrogen treatment/replicate, where 
‘plot’ is a factor discerning the six circular treatment plots.  
The effect of irrigation and addition of nitrogen fertiliser on the responses of RL, RS and A to 
environmental variables were evaluated using non-linear mixed effect model conducted in the 
‘nlme’ package of R to fit values of RL, RS and A using Equations 5.1, 5.2 and 5.3, respectively. 
Irrigation and nitrogen treatments were investigated as fixed effect on the model parameters (R10, 
E0, Amax and α). To avoid the inclusion of the correlated variables irrigation treatment and θS, only 
nitrogen was tested as a fixed effect in the model for RS. For each model, the nested structure of the 
experimental design was included as random effects (irrigation treatment/plot/nitrogen 
treatment/replicate). A first-order autoregressive function was used to account for temporal 
autocorrelation in repeated measurements of the same collar (Crawley 2007). The final fixed effect 
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structure was selected by comparing the models including nitrogen and irrigation treatments as 
fixed effect and the models not including them. Model comparison was based on the Akaike’s 
Information Criterion (AIC), the model with the lowest AIC being the most strongly supported. As a 
rule of thumb, when two models presented a ∆AIC < 2, the simpler model was selected (Burnham 
and Anderson, 2002). In order to assess the effect of above-ground biomass on model parameters, 
the exact same process was repeated using the Equations 5.1, 5.2 and 5.3 with the phytomass index 
(Pi) as a multiplier.  
The models for RL, RS and A not including Pi and those including Pi were combined to obtain FN. 
and then compared based on their predictive performance, which was evaluated by cross-validation 
using the hold-out method (Ross, 2009). The data were split into two equal parts by randomly 
selecting either of the two collar replicates in each of the twelve hemi-circular plots. Half of the data 
were used to develop the models described above (training set), and the other half to test the model 
(testing set). Root mean square errors (RMSE) and adjusted coefficients of determination (R2) were 
used to compare model performances.  
Parameters from the best models for A, RL and FN including Pi and from the best model of RS were 
used to produce values for every half-hourly record of environmental variables between each 
grazing event. Cumulative FN and annual estimates for RL, RS, A, FN and NB were calculated as sums of 
half-hourly values. Uncertainties around annual estimates were calculated using Monte Carlo 
simulations, where a thousand sets of parameters were generated randomly for each of RL, RS and A 
from the variance-covariance tables for each fitted model using the ‘MASS’ package (Venables and 
Ripley, 2002). The 95% confidence interval around the estimates for each component of the 




5.3.1 Growing conditions 
Total rainfall from October 2014 to September 2015 was 451 mm with a summer (December-
February) dry period with less than 60 mm rainfall. Soil volumetric water content (θS) followed a 
different seasonal pattern for the treatments I0 and I1 (Fig. 1B). Irrigation resulted in significant 
increases in mean θS (F = 103.2, P = 0.0005) compared with the non-irrigated treatments of 0.12 ± 
0.01 m3 m-3. However, even for the irrigated plots, θS decreased to values near 0.2 m3 m-3 in mid-
summer, due to regular events with high wind speeds that caused interruptions in the irrigation 
schedule. Addition of nitrogen fertiliser resulted in a significant (F = 9.9, P = 0.03) but small decrease 
in θS, with the daily mean being 0.03 ± 0.01 m3 m-3 higher for the treatment N0 that that for the N1 
treatment. 
Annual daily mean (± standard error) irradiance was 24.4 ± 0.9 mol m-2 d-1 with a summer 
maximum of 66.2 mol m-2 d-1 (Fig. 1C) Mean (± standard error) air temperature over the 
measurement period was 12.1 ± 0.2 ⁰C, with a mean daily maximum of 23.4 ⁰C reached in December 
and a minimum of -0.3 ⁰C in July (Fig. 1A). Soil temperature measured at 100 mm depth followed the 
same seasonal pattern and ranged from 2.6 to 25.9 ⁰C. In mid-summer, mean daily TS in the irrigated 
plots was slightly lower than that in the non-irrigated plots, so that the mean annual TS for the 
treatment I1 was significantly lower (F = 36.2, P = 0.004) by 0.6 ± 0.1 ⁰C compared with that for the I0 
treatment.  
5.3.2 Seasonal measurements of the components of ecosystem CO2 exchange  
On day 0, before the treatments were applied, there were no differences in FN, RE or RS between 
the treatments (P > 0.1). FN showed marked seasonal variations that differed between the 
treatments (Fig. 2A). Differences between irrigation treatments appeared in summer, when positive 
values of FN (net CO2 source) were observed for the non-irrigated plots (I0) at the driest time in 
January, when θS was below 0.2 m3 m-3, while FN remained negative (net CO2 sink) in the irrigated 
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plots (I1). In winter, all treatments were net sinks for CO2. Reflecting these seasonal variations, the 
interaction between measurement date and irrigation treatment was significant (F = 8.6, P < 0.0001). 
The I0N0 and I0N1 treatments showed very similar values of FN overall (mean ± standard error -2.3 ± 
0.4 and -2.8 ± 0.5 µmol m-2 s-1, respectively) and the I1N0 and I1N1 treatments were stronger sinks of 
CO2 (FN = -4.6 ± 0.5 and -6.5 ± 0.5 µmol m-2 s-1, respectively). The interaction between nitrogen and 





Figure 5.1: Changes in daily mean environmental variables for the measurement period from 
October 2014 to September 2015. (A) Air temperature (Ta, dashed grey line), and soil temperature 
(TS) for the irrigated plots (treatment I1, continuous grey line) and the non-irrigated treatment (I0, 
continuous black line). (B) Soil volumetric water content (θS) for the treatments I1 (grey line) and I0 





Figure 5.2: Variations in seasonal measurements of (A) net ecosystem CO2 exchange (FN), (B) 
ecosystem respiration (RE) and (C) soil respiration (RS) for the four  treatments: non-irrigated with no 
nitrogen addition (I0N0, filled squares), irrigated with no nitrogen addition (I1N0, open squares), non-
irrigated with nitrogen addition (I0N1, filled triangles) and irrigated with nitrogen addition (I1N1, open 




Table 5.1: Parameters for the models of soil respiration (RS), leaf respiration (RL) and gross canopy photosynthesis (A), including and not including the 
phytomass index (Pi). When significant (P < 0.05), different parameters are shown for the four treatments: non-irrigated with no nitrogen addition (I0N0), 
irrigated with no nitrogen addition (I1N0), non-irrigated with nitrogen addition (I0N1) and irrigated with nitrogen addition (I1N1). R10 is the respiration rate at 
a basal temperature of 10 °C, E0 is the activation energy of the enzymatic reaction, g and f are the parameters describing the response of respiration to soil 
volumetric water content, α is the light use efficiency and Amax is the rate of gross photosynthesis under saturating irradiance. 
                  
      Not including Pi   Including Pi 
      I0N0 I1N0 I0N1 I1N1     
RS R10 (µmol m-2 s-1) 2.4 ± 0.1   _ 
  E0 (KJ mol-1) 202.8 ± 60.4   _ 
  g   2.2 ± 0.6   _ 
  f   22.6 ± 5.4   _ 
RL R10 (µmol m-2 s-1)   0.7 ± 0.3 2.0 ± 0.3 1.3 ± 0.3 3.1 ± 0.4   5.0 ± 0.5 
  E0 (KJ mol-1)   111.6 ± 48.7   157.8 ± 48.2 
A 
α  (µmol 
µmolquanta-1)   0.12 ± 0.05   0.26 ± 0.08 
  Amax (µmol m-2 s-1) 5.5 ± 1.4 12.9 ± 1.6 7.0 ± 1.1 18.4 ± 1.9   33.1 ± 1.9 





Measurements of ecosystem respiration (RE) also followed seasonal patterns (Fig. 2B). Both 
irrigation and nitrogen treatments had significant effects on RE overall (mean ± standard error of  
3.7 ± 0.2, 4.1 ± 0.2, 6.0 ± 0.37 and 7.6 ± 0.4 µmol m-2 s-1 for the I0N0, I0N1, I1N0 and I1N1 treatments, 
respectively). While the effect of nitrogen appeared stronger in the irrigated plots (Fig. 2B), the 
interaction between nitrogen and irrigation treatments was not significant (F = 3.5, P = 0.13). The 
interaction between measurement date and irrigation treatment was significant (F = 26.4, 
P < 0.0001), with higher respiration rates throughout the spring and summer for the I1 treatment 
compared with that for the I0 treatment. Addition of nitrogen fertiliser in the irrigated plots resulted 
in increased respiration rates in spring and summer and the interaction between measurement date 
and nitrogen treatment was also significant (F = 4.4, P < 0.0001).  
Soil respiration (RS) followed the same response as RE to seasons and irrigation treatments, but 
no differences were observed between nitrogen treatments (F = 1.0, P = 0.3). The value of RS of 3.3 ± 
0.2 µmol m-2 s-1 was identical for the I1N0 and I1N1 treatments and the I0N0 and I0N1 treatments also 
showed similar rates, with 2.2 ± 0.1 and 2.0 ± 0.1 µmol m-2 s-1, respectively. For the I0 treatment, 
values of RS were lowest through spring and summer, and the interaction between measurement 
date and irrigation treatment was significant (F = 28.6, P < 0.0001). Across all treatments, RS 
comprised 55 ± 3 % of RE and this proportion was reduced by 10 ± 3 % by adding irrigation (F = 9.9, 
P = 0.03) and increased by 10 ± 3 % by addition of nitrogen fertiliser (F = 10.6, P = 0.02).  
5.3.3 Cumulative biomass and canopy nitrogen content 
Addition of nitrogen fertiliser increased mean ± standard error canopy nitrogen content by 23.2 ± 
8.2 g on average (F = 7.8, P = 0.03), but irrigation did not (F = 2.1, P = 0.1). Measurement date also 
had a significant effect (F= 11.7, P < 0.0001), with the nitrogen content decreasing after day 0, 
especially in spring and summer when non-fertilised plots showed lower nitrogen contents (with 
36.2 ± 3.8, 19.3 ± 2.0 and 23.7 ± 4.3 g for spring, early summer and late summer, respectively) 
compared to the mean at day 0 of 69.0 ± 11.3 g (Fig. 3B).  
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The rate of grass growth for the treatment I1N1 was high throughout the year, decreasing only in 
winter and it fell to very low values in the non-irrigated plots (I0N0 and I0N1) in summer from 
December to March (Fig. 3A), resulting in differences in cumulative dry mass. For the I1N0 treatment 
cumulative dry mass continued to increase slowly in summer reaching a significantly higher value 
than that than for the I0N1 treatment only at the end of summer (Fig. 3A). In autumn and winter, 
growth rates decreased, and more so for the I1N0 treatment than for the I0N1 treatment so that 
cumulative biomass over the whole year for these two treatments was similar (19.5 ± 2.8 and 25.0 ± 
3.3 g for I0N1 and I1N0, respectively). Both nitrogen addition and irrigation had a significant effect on 
cumulative biomass over the whole year (F = 8.6, P = 0.03 and F = 22.6, P = 0.009 for nitrogen 
addition and irrigation treatments, respectively), with lowest in the I0N0 treatment (14.2 ± 1.8 g) and 
biomass highest in the I1N1 treatment (38.1 ± 5.6 g).  
5.3.4 Models of net ecosystem CO2 exchange and its components 
Parameters for the best model of RS (RMSE = 1.05, R2 = 0.50) were not different for the two 
nitrogen treatments (Table 1). The model including Pi was unable to predict values of RS 
(RMSE = 1.90, R2 = -0.65). The best model for RL included different values of R10 for the four 
combinations of irrigation and nitrogen treatments, but the same value for E0. Irrigation and addition 
of nitrogen fertiliser increased R10, with a synergistic effect so that the I1N1 treatment showed the 
highest value (Table 1). When Pi was included in the model, differences in R10 were no longer 
significant (Table 1) and the predictive performance of this model was worse (RMSE = 1.61, R2 = 
0.40) than the performance of the best model not including Pi (RMSE = 1.49, R2 = 0.49). When Pi was 
not included in the model of A, the parameter describing the maximum rate of photosynthesis (Amax) 
differed between treatments, but not that describing light use efficiency (α) (Table 1). When Pi was 
included in the model, differences in Amax were no longer significant (Table 1) and the model 
performed much better (RMSE = 3.85, R2 = 0.65) than the best model not including Pi (RMSE = 5.10, 
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R2 = 0.35). As a result, the model for FN including Pi performed well (RMSE = 2.88, R2 = 0.63) and 
much better than the model not including Pi (RMSE = 3.55, R2 = 0.13) (Fig. 4).  
 
 
Figure 5.3: Cumulative (A) leaf dry mass and (B) canopy nitrogen content for the four treatments: 
non-irrigated with no nitrogen addition (I0N0, filled squares), irrigated with no nitrogen addition 
(I1N0, open squares), non-irrigated with nitrogen addition (I0N1, filled triangles) and irrigated with  
nitrogen addition (I1N1, open triangles). The vertical bars represent standard error of the mean 




Figure 5.4: Cross-validations, using the hold-out method, of models for net ecosystem CO2 exchange 
(FN) (A) not including the phytomass index, and (B) and including the phytomass index. Model 
parameters were derived from models fitted using half the data set (training set) and the model 
cross-validations shown were performed on the other half (testing set). R2 is the coefficient of 
determination, RMSE is the root mean square error, and FN meas and FN model are measured and 
modelled FN, respectively.  
 
5.3.5 Cumulative FN and annual estimates of the components of carbon balance 
After a very short increase following the first grazing event, cumulative FN decreased in spring, 
indicating a sink of CO2 for all treatments (Fig. 5). FN decreased with the irrigation and nitrogen 
treatments with a synergistic effect leading to the strongest sink for the I1N1 treatment in early 
summer. Only the I1N1 treatment was a cumulative net CO2 sink at the end of the measurement 
period (FN = -223 gC m-2) (Fig. 5). For the three other treatments, FN showed the systems were net 
CO2 sources in early summer with increasing strength until the end of winter (Fig. 5). The I0N0 
treatment was the strongest source of CO2 (FN = 383 gC m-2), and the I0N1 and I1N0 treatments 
showed similar intermediate values. In mid-summer, when θS increased in the irrigated plots, 
cumulative FN for the I1N0 treatment decreased slightly and then remained constant until early 
winter. This resulted in the I1N0 treatment being a slightly weaker source of CO2 (FN = 128 gC m-2) 
compared with that for the I0N1 treatment (FN = 216 gC m-2). Levels of uncertainty estimated from 
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the Monte Carlo simulations were very large, with the 95% intervals for annual estimates of FN all 
overlapping. 
Annual proportional estimates for the above-ground components of ecosystem CO2 exchange 
were different for each treatment. For the irrigation and nitrogen treatments, A increased 
proportionally more than RE, with the ratio of RE to A being 1.5, 1.2, 1.1 and 0.9 for the I0N0, I0N0, I1N1 
and I1N1 treatments, respectively. For, the I0 treatment, both A and RL were significantly lower than 
the values for the I1 treatment (Fig. 6). There was a positive synergistic effect of irrigation and 
nitrogen on both A and RL, with the annual totals for the I1N0 treatment being significantly lower 
than those for the I1N1 treatment (non-overlapping 95% confidence intervals, Fig. 6). There was also 
a significant positive effect of irrigation and nitrogen, with a synergistic effect of the combination of 
irrigation and nitrogen (I1N1) on the carbon exported as grazed above-ground biomass (Fexport). 
Annual total RS was increased by irrigation with the difference for the values for I1N0 (the highest) 
and I0N1 (the lowest) different (by 223 gC m-2), but the 95% intervals were overlapping (Fig. 6). 
When adding Fexport to RS and RL, total ecosystem carbon losses exceeded A, so all four treatments 
were a net source of carbon (negative NB) (Figs. 6 and 7). Both the I1N0 and I0N1 treatments showed 
similar intermediate values of NB (-459 and -396 gC m-2 for I0N0 and I0N1, respectively) and were 
weaker carbon sources than the I0N0 treatment (NB = -539 gC m-2). The I1N1 treatment appeared to 
be the weakest source of carbon, showing the least negative value (NB = -284 gC m-2). None of the 





Figure 5.5: Cumulative net ecosystem CO2 exchange (FN) for the measurement period from October 
2014 to September 2015, for the four treatments: non-irrigated with no nitrogen addition (I0N0, 
continuous black line), irrigated with no nitrogen addition (I1N0, dashed black line), non-irrigated 




Figure 5.6: Annual estimates of gross canopy photosynthesis (A, white bars), soil respiration (RS, 
black bars), leaf respiration (RL, dark-grey bars) and biomass exported via grazing (Fexport, light-grey 
bars), for the four treatments: non-irrigated with no nitrogen addition (I0N0), irrigated with no 
nitrogen addition (I1N0), non-irrigated with added nitrogen (I0N1) and irrigated with nitrogen addition 





Figure 5.7: Annual estimates of net ecosystem carbon balance (NB) for the four treatments: non-
irrigated with no nitrogen addition (I0N0), irrigated with no nitrogen addition (I1N0), non-irrigated 
with nitrogen addition (I0N1) and irrigated with nitrogen addition (I1N1). Vertical bars indicate 
uncertainties calculated as 95% confidence intervals of 1000 Monte Carlo simulations. 
 
5.4 Discussion 
This study assessed the interactive effects of adding irrigation and nitrogen fertiliser on all the 
components of ecosystem carbon balance for a grazed grassland. My findings reveal strong 
differences in the components of carbon balance resulting from irrigation and nitrogen treatments, 
mediated by seasonal changes in environmental variables. I show that irrigation and nitrogen 
addition result in significant increases in gross canopy photosynthesis, that are greater that the 
increases in ecosystem respiration. This results in increased net CO2 uptake by the ecosystem, and 
increased productivity. The additional biomass produced is, however, largely exported via grazing. 
For this first year after irrigation and nitrogen were added, this intensively grazed grassland 
ecosystem remained a net source of carbon for all treatments. 
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5.4.1 Effects of irrigation and nitrogen on seasonal measurements 
Soil temperature is well known to be a dominant factor in regulating rates of soil respiration 
(Raich and Schlesinger, 1992; Lloyd and Taylor, 1994; Kirschbaum, 1995). Soil water availability is 
another important factor, with higher rates of RS resulting from high soil water content near field 
capacity (Davidson et al., 2000). Water availability may become the predominant limiting factor in 
dry conditions (Janssens et al., 2003). In my study, seasonal variations in RS followed variations in soil 
temperature in the irrigated plots. However, for the non-irrigated plots, water availability became 
limiting in summer and RS did not increase with TS and became very low at the driest time of the year 
in mid-summer (February). The effect on RS of adding nitrogen to grasslands is unclear, with studies 
reporting increases (Jong et al., 1974; Yan et al., 2010; Graham et al., 2012), decreases (Yan et al., 
2010) or no effect (Chapter 2). My findings show that RS is well described by functions incorporating 
TS and θS, in agreement with previous studies (Janssens et al., 2003; Bahn et al., 2008; Webster et al., 
2009; Graham et al., 2012; Chapter 3), but with no effect of the nitrogen treatments on the model 
parameters. 
Temperature, water supply and intercepted irradiance have long been known to influence plant 
growth (Monteith and Moss, 1977; Monteith, 1981; Myers et al., 1988) and soil water limitations 
have been found to be the main factor regulating grassland productivity (Flanagan et al., 2002; Hunt 
et al., 2004; Zhang et al., 2014). Increases in photosynthesis in response to nitrogen addition are also 
well documented (Evans, 1989; Sinclair and Horie, 1989; Muchow and Sinclair, 1994), attributable to 
increases in Rubisco activity associated with leaf nitrogen concentration (Friend, 1991). However, 
above-ground productivity may not increase if water supply is limiting, and nitrogen availability may 
become a limiting factor for growth only when water deficits are low (Huxman et al., 2004; Bai et al., 
2010; Li et al., 2011). My findings support these earlier observations. Biomass production fell almost 
to zero in the dry summer period when soil water content was low. Canopy nitrogen content and 
biomass production increased as a result of nitrogen addition only when water availability was not 
limiting. In early summer (December), before the onset of water limitations, nitrogen contents in the 
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irrigated and non-irrigated with nitrogen addition treatments were higher than those in plots where 
there were no additions of nitrogen. In late summer (February), at the driest time of the year, leaf 
nitrogen content was even greater for the irrigated, non-added nitrogen treatment than that for the 
non-irrigated with added nitrogen treatment, because growth in the latter had ceased. It is clear that 
above-ground biomass production at my site was limited dominantly by water availability, and 
secondarily by nitrogen availability.  
Variations in above-ground A and, RL and FN are consistent with differences in above-ground 
biomass. When water was unlimited, I observed increases in RE resulting from adding nitrogen. As RS 
was not affected by nitrogen treatment, this was likely entirely attributable to the concomitant 
increase in RL. However, I observed an increase in CO2 uptake (decrease in FN) in response to 
nitrogen addition in well-watered conditions, showing that the increase in RL was less than the 
increase in A. Consistent with my findings, an increase in A with leaf nitrogen content has been 
shown to be greater than increase in RL (Field and Mooney, 1986). Irrigation alone also resulted in an 
increase in CO2 uptake (lower FN) in summer, consistent with higher canopy nitrogen content. 
Despite slightly higher canopy nitrogen content for the nitrogen treatments (I0N1 and I1N1), there 
were no differences in above-ground biomass production or components in the carbon balance 
between the treatments during winter. This was likely due to low temperatures limiting CO2 
exchange and plant growth. 
When the phytomass index (Pi), representing variations in above-ground biomass, was included in 
the models for A and RL, there were no differences in the model parameters between treatments, 
suggesting that biomass production explained the treatment effects. The model including Pi 
performed much better in predicting values of A and FN in the independent data set, confirming the 
validity of the Pi approach to account for variations in above-ground biomass. Surprisingly, including 
Pi in the model for RL did not improve the predictive performance. I attribute this to the variability 
associated with RL being calculated from measurements of RE and RS measurements being made at 
different locations within the treatment plots. Increases in RL shortly after grazing were also 
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observed and attributed to wounding response of the leaves (Macnicol, 1976; Chapter 2), resulting 
in a non-linear relationship between RL and leaf area. Such effects also could have weakened the fit 
of the model for RL including Pi. 
5.4.2 Annual estimates and net ecosystem carbon balance  
Worldwide, annual RS in grasslands varies from 58 to 1988 gC m-2 y-1 (Bahn et al., 2008). Focusing 
on grasslands along a latitudinal transect in Europe, Bahn et al. (2008) found that the range 
narrowed from 494 to 1 166 gC m-2 y-1. With annual RS ranging from 725 to 948 gC m-2 y-1 between 
treatments, my findings falls within the range reported in the literature. There are no earlier reports 
of annual values of RS in irrigated, intensively-grazed grasslands in New Zealand, but several studies 
have estimated annual RE and A using eddy covariance. At a site with higher rainfall and intense 
grazing management, on a Gley soil, Rutledge et al. (2015) reported mean values over four 
consecutive years of 2 196 and 2 030 gC m-2 y-1 for A and RE, respectively, resulting in the system 
being a net sink for CO2 (negative FN). On a drained peatland with similar management and climate, 
Campbell et al. (2015) observed a net source of CO2, with annual A and RE values of 1 886 and 2 076 
gC m-2 y-1, respectively. Hunt et al. (2016) compared carbon balance components for grasslands used 
for commercial dairy farm with and without irrigation and nitrogen addition in the same region in 
New Zealand with similar soil type and conditions as those at my site. After six years from the start 
of the treatments, they found a significant increase in annual estimates for A and RE with values of 
2 679 and 2 271 gC m-2 y-1 on the irrigated site and of 1 372 and 1 352 gC m-2 y-1 on the non-irrigated 
site, respectively. My estimates were very close to the observations from Hunt et al. (2016) with 
values of 2 125 and 1 965 gC m-2 y-1 for A and RE, respectively, for the treatment with irrigation and 
nitrogen, and 853 and 1 248 gC m-2 y-1 for A and RE, respectively, for my treatment with no irrigation 
and no added nitrogen.  
I showed that irrigation and addition of nitrogen resulted in the grassland becoming a stronger 
sink for CO2. However, my grazing regime, representative of intensively managed dairy farms, most 
112 
 
likely resulted in overestimation of the carbon losses from my non-irrigated treatments compared 
with those for commercial extensive farm management, as shown by my high exports (145 gC m-2 y-1 
from the I0N0 treatment) compared to the non-irrigated site in Hunt et al. (2016) (45 gC m-2 y-1). In 
addition to the fact that grazing also resulted in no uptake of CO2 from the non-irrigated treatments 
in summer, this three-fold increase in carbon exports may explain most of the difference in net 
carbon balance between my non-irrigated and non-fertilised and irrigated and fertilised treatments. 
Despite nearly identical biomass exported through grazing (Fexport) in the study of Hunt et al. (2016) 
(430 gC m-2 y-1 ) and my study (444 gC m-2 y-1), I found a contrasting result in terms of the net 
ecosystem carbon balance, with my site remaining a net carbon source (NB = -284 gC m-2 y-1) while 
the site with irrigation and added nitrogen in the study by Hunt et al. (2016) was a net sink (NB = 103 
gC m-2 y-1). This is possibly attributable to the differences in time since the start of the treatments 
being six years for the study by Hunt et al. (2006) and the first year at my site. However, direct 
comparison of my findings with those using eddy covariance is also compromised by the absence of 
grazing animals at my site. I simulated grazing but did not include the effects of the deposition of 
animal excreta, a return of up to 29% of the exported biomass in intensively managed dairy farms 
(Rutledge et al., 2015; Hunt et al., 2016). Such an import of carbon would have moved my plots to be 
weaker net sources of carbon. It is also noteworthy that the ratio of RE to A was higher in my study 
compared to with that for Hunt et al. (2016). Night-time estimation of RE using the eddy covariance 
technique is known to include high uncertainty and often leads to underestimated values compared 
to studies using chamber measurements (Speckman et al., 2015). These observations, as well as the 
different time-scales after farm conversion, may partly explain the discrepancy between the two 
studies. 
5.4.3 Implications for changes to soil carbon stocks 
Assuming that I have accounted for changes in carbon accumulation and removal as above-
ground biomass in my treatments at my site, I infer that carbon lost from my site must be 
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attributable to losses from below-ground carbon storage. In an earlier study at my site, Chapter 4 
showed that irrigation and nitrogen addition did not change the rate of soil organic matter 
decomposition six months after the treatments were imposed. My measurements were made in the 
first year when the treatments were imposed and the amount of carbon lost was statistically similar 
for all treatments. I conclude that the additional net CO2 input that resulted from irrigation and 
nitrogen addition in the present study was rapidly transferred to the leaves for continued rapid 
growth above-ground, with no net effect on soil organic carbon pool. This does not exclude the 
possibility of a small increase in carbon transferred from the rhizosphere to the bulk soil, which, in 
the absence of increased soil organic matter decomposition, would eventually result in an increase 
in the soil organic carbon pool. However, at a similar site in the same farm, Kelliher et al. (2015) 
found no significant differences in carbon content at a depth to 0.8 m between non –irrigated 
extensively sheep-grazed and irrigated, intensively grazed pastures eleven years after conversion. 
Results from this study and ours converge to the hypothesis that the rate of soil organic matter 
decomposition will continue to exceed the rate of input of carbon to the soil organic carbon for at 
least a decade, regardless of differences in above-ground primary production associated with the 
treatments.  
My measurements were made in the first year when the treatments were imposed and contrast 
with the observations made in a different grassland after six years of irrigation and nitrogen addition 
(Hunt et al., 2016). Taking together observations from measurements of soil organic matter 
decomposition at the same site (Chapter 4), long-term chronosequence of soil carbon 
measurements (Kelliher et al., 2015) and the mechanistic understanding of the changes in CO2 
exchanges from leaves and soil brought in light in the present study, I am  able to formulate the 
hypothesis that soil organic carbon is likely to keep decreasing regardless of whether pastures are 
converted to intensive dairy management. Such information is not available at the site where the 
study by Hunt et al. (2016) took place and it is not known whether the benefits from converting the 
pasture to intensive dairy farming management to the net carbon balance results in increased soil 
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carbon content. The study by Schipper et al. (2014) showed that long-term gains or losses of soil 
carbon from grasslands were dependent upon soil types, with no effect of land management. This 
observation lines up with the emerging theory that soil structure and microbe accessibility to the 
substrates regulates soil organic matter decomposition, confirmed at my site (Chapter 4). More 
research is needed to give a mechanistic understanding to the dynamics of soil organic matter 
decomposition and be able to predict future changes in soil carbon stocks in relation to pasture 
management, but to conclude, there is yet no evidence that conversion of dryland extensive pastoral 
farming to intensive management with irrigation and nitrogen addition will result in long-term 








6.1 General results  
The research in this thesis investigated the question of whether conversion to intensive dairy 
farm management with irrigation and addition of nitrogen fertiliser will result in soil carbon 
sequestration in New Zealand pastures. 
Together, the findings have provided consistent evidence that changes in ecosystem carbon 
dynamics induced by irrigation, addition of nitrogen and grazing are dominated by above-ground 
processes that result in increased net ecosystem productivity. However, simulating conversion from 
dryland sheep to intensive dairy farming, Chapter 5 showed little effect on net ecosystem carbon 
balance. The control treatment was a net source of carbon to the atmosphere and this continued 
even with the experimental treatments for both irrigation and addition of nitrogen. Chapter 4 
revealed that heterotrophic respiration (RH) was insensitive to the simulated conversion on a 
seasonal time scale, and changes in the below-ground component of carbon balance were 
dominated by autotrophic respiration, which has little effect on soil carbon stocks. This grazed 
grassland ecosystem, newly converted to intensive dairy farming management, will remain a source 
of carbon if the losses from soil organic matter decomposition continue to exceed the net ecosystem 
carbon gain. Thus, the answer to the general thesis question whether conversion from dryland to 
intensive dairy farm management will result in soil carbon sequestration in New Zealand managed 
grasslands strongly depends on my ability to predict how the balance between carbon inputs to and 
losses from soil organic matter will change under sustained intensive management in the following 
years after conversion. This is the first study in New Zealand where experimental treatments 
incorporating irrigation and addition of nitrogen have been used to investigate changes to the 
components of carbon balance for a grassland. The research has contributed new insights to reveal 
the nature of the processes regulating carbon exchange in response to driving variables. In 
particular, the new findings that RH is independent of changes in soil temperature and soil water 
content has far reaching implications for the improvement of models of soil carbon dynamics. 
Further, the data have enabled the development of a model that explains differences between the 
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treatments and provides ability to forecast the impacts of management practices on annual net 
changes in carbon storage at ecosystem scales. In particular, the new approach to model changes in 
biomass production through grazing cycles using the phytomass index (Pi) and development of 
techniques to overcome problematic estimation of changes in RH in response to the treatments have 
contributed new insights. 
6.2 Drivers of carbon balance components 
6.2.1 Ecosystem carbon uptake 
Temperature (Monteith and Moss, 1977; Monteith, 1981), water availability (Myers et al., 1988; 
Flanagan et al., 2002; Hunt et al., 2004; Zhang et al., 2014) and nitrogen availability (Evans, 1989; 
Sinclair and Horie, 1989; Muchow and Sinclair, 1994) are known to limit plant growth. In grassland 
ecosystems, grazing is also known to significantly impact primary production (Ammann et al., 2007; 
Soussana et al., 2010; McSherry and Ritchie, 2013; Campbell et al., 2015). My studies at Beacon 
Farm, where conversion to intensive management had occurred six years prior to the measurement 
period, quantified the significant reductions on A, RL and the net CO2 uptake (increased FN) of 
repeated defoliation of the canopy by grazing. After each grazing event, temperature and irradiance 
were the primary factors regulating regrowth, and the rate of regrowth was enhanced by addition of 
nitrogen. Plant growth was regulated by the same factors at Ashley Dene Farm within the first year 
of conversion to simulated intensive management. However, water availability was the primary 
factor, strongly limiting A, RL and plant growth in the non-irrigated treatments. Annual net 
productivity at the Ashley Dene site was very similar to that at Beacon Farm, estimated using eddy 
covariance by Hunt et al. (2016). This confirms that irrigation and nitrogen have immediate effects 
on above-ground components of the carbon balance and result in rapid and sustained increases in 
net ecosystem productivity. 
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6.2.2 Soil organic matter decomposition, RH 
Determining the response of RH to environmental drivers has largely been confined to 
measurements using laboratory incubations (Kirschbaum, 1995; Davidson and Janssens, 2006; 
Manzoni et al., 2012), or from field studies using techniques that disturb the soil environment and 
remove the autotrophic component (Kuzyakov, 2006). These approaches led to the paradigm that 
soil water content, and especially soil temperature, are the main drivers of RH. However, 
interpretation from other studies suggests that limited substrate availability to micro-organisms in 
an undisturbed soil may reduce or offset the sensitivity of RH to soil temperature (Davidson and 
Janssens., 2006) and soil water content (Moyano et al., 2013). Few studies have used non-disruptive 
isotopic techniques and showed no effect of soil temperature on RH in the field (Reviewed by 
Giardina and Ryan, 2000; Graham et al., 2012). The findings in Chapter 4 are consistent with these 
studies and also show that RH is independent of changes in soil water content. Furthermore, Chapter 
4 led to new insight to understand the factors regulating soil carbon dynamics, providing additional 
supporting evidence that microbial access to the substrates, as opposed to chemical recalcitrance, is 
predominant in regulating soil organic matter decomposition (Schmidt et al., 2011; Dungait et al., 
2012; Lehmann and Kleber, 2015). 
The physical protection of organic matter into aggregates (frequently referred to as particulate 
organic matter combined with macro-organic matter defined in Chapter 4) is likely to represent the 
first and weakest degree of protection and is thus likely to be highly sensitive to disturbance through 
soil management practices (Six et al., 2002). For example, the particulate organic matter pool of 
carbon was observed to decrease after 60 years of cultivation (Tiessen and Stewart, 1983), after over 
20 years of conventional tillage practices (Cambardella and Elliott, 1992; Six et al., 1999), and after 
25 years of application of different mineral fertilisers (Yan et al., 2007). Thus, such changes in 
aggregate formation are likely to occur slowly over a period of up to 20 years and detecting changes 
at Beacon Farm (6 years after conversion) and Ashley Dene Farm (first year after conversion) would 
be problematic. To date, there are no studies revealing the effects of irrigation on aggregate 
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dynamics in grasslands, and more generally on soil structure. However, it is known that irrigation 
and nitrogen addition may result in shifts in the composition of plant communities (Lauenroth et al., 
1978; Thomas, 1984), leading to differences in root traits (Rillig et al., 2015) and biomass (McNally et 
al., 2015), potentially resulting in changes in soil aggregate dynamics (Six et al., 2004; Rillig and 
Mummey, 2006; Rillig et al., 2015). This is particularly relevant to the conversion to intensive farm 
management practices that involved pasture renewal with ploughing and resowing with ryegrass 
(Lolium perenne L.) and clover (Trifolium repens L.), at Beacon Farm. Interestingly, the rates of RH 
that I measured on intact mesocosms sampled from Beacon Farm (Chapter 2) and from the irrigated 
and fertilised treatment at Ashley Dene Farm (Chapter 4) were overall very similar (between 1 and 2 
µmol m-2 s-1), despite different environmental conditions. I did observe an increase in RH as a 
consequence of addition of nitrogen at Beacon Farm, resulting in part from interactions with roots 
and the rhizosphere (referred to as a rhizosphere priming effect), but this result was not confirmed 
at Ashley Dene Farm. Differences in root and rhizosphere characteristics between the pasture 
dominated by Ruegrass at Beacon farm and the mixed sward at Ashely Dene farm could explain 
partly differences in the priming effect. Further, the significant increase in RA in response to 
irrigation at Ashley Dene Farm was not concurrent with changes in RH, confirming the lack of a 
rhizosphere priming effects at this site. This suggests that the degree of protection of soil organic 
matter preventing its degradation was similar at both these sites so time scales of at least a decade 
are required for this to occur. However, short-term effects of changes in rhizosphere activity on RH 
as a consequence of addition of nitrogen cannot be excluded, and further research is needed to 
confirm the rates of change in field conditions. 
6.3 Soil carbon stocks under intensive management 
While it seems clear that ecosystem carbon uptake will increase consistently under intensive 
management practices, the direction and magnitude of changes for soil organic matter 
decomposition are difficult to predict from current state of knowledge. Thus, predicting changes in 
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the net carbon balance for grasslands and the resulting long-term effects on soil carbon storage are 
problematic. Furthermore, available data are contradictory. At an annual time scale, a significant 
proportion of the carbon uptake by the ecosystem is harvested and exported by grazing. The net 
balance between increased uptake and export of carbon may result in a net gain (Rutledge et al., 
2015; Hunt et al., 2016) or loss (Campbell et al., 2015; Chapter 5) of carbon. These previous studies 
were undertaken at different sites, and while they are all representative of intensive dairy 
management practices across New Zealand, inclusion of irrigation and nitrogen addition occurred 
only at the two sites in this thesis and at Beacon Farm study by Hunt et al. (2016). Interpretation of 
the consequences of the use of different techniques to estimate net ecosystem carbon balance, and 
simulated grazing at my site that excluded the presence of the animals, was discussed in Chapter 5. 
Overall, these effects at least partly cancel each other and I argued that they were unlikely to 
reconcile my findings and those from Hunt et al. (2016) made at the same site. In addition, they do 
not explain discrepancies between the other studies elsewhere (Rutledge et al., 2015; Campbell et 
al., 2015), as these were both conducted using the eddy covariance technique and included grazing 
animals.  
Evidence from sequential core sampling has shown that, for sites across New Zealand, intensive 
dairy farming management on flat land has resulted in decreases in soil carbon content only for Gley 
and Allophanic soil orders (Schipper et al., 2014). On the flat stony soils of the Canterbury Region, 
Kelliher et al. (2012) also found lower soil carbon content in a grassland that had been irrigated for 
60 years compared with the carbon content in an adjacent, non-irrigated pasture. However, net 
ecosystem carbon gains were observed in the study by Rutledge et al. (2015) on Gley soils and the 
studies by Hunt et al. (2016) and Kelliher et al. 2012) were both on similar Brown soils. Considering 
that grazed grasslands do not accumulate carbon in above-ground biomass, changes in net 
ecosystem carbon balance must be attributable to changes in below-ground processes. Without 
measurements of RH, changes in the pools of carbon (e.g., heterotrophic or autotrophic) cannot be 
determined and differences in the observations of the net ecosystem carbon balance may reflect 
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differences between ecosystem inputs of carbon and losses from either the autotrophic or the 
heterotrophic pools, leading to different implications for long term soil carbon stocks. It is 
conceivable that the additional carbon uptake by the ecosystem resulting from a positive net carbon 
balance resides temporarily in the soil autotrophic pool and is vulnerable to subsequent changes in 
environmental conditions. My field observations that increased above-ground productivity was 
concurrent with an increase in soil autotrophic activity and further support this possibility. While 
additional carbon added to roots will likely result in an eventual transfer to the heterotrophic pool, 
this will contribute to increasing soil carbon storage only if these increased root inputs are sustained 
and if the rate of soil organic matter decomposition remains constant or decreases. However, root 
biomass may eventually decrease as a consequence of irrigation (Scott et al., 2010) and addition of 
nitrogen (Millard et al., 1990). With changes in root architecture potentially contributing to changes 
in soil structure, conversion could eventually result in decreased carbon inputs to soil organic matter 
from the roots and rhizosphere, and increased rate of decomposition. This would explain the 
discrepancies between studies employing short-term measurements of carbon balance observations 
in the first decade after conversion to intensive management and those based on long-term direct 
measurements of soil carbon content.  
6.4 Conclusions and future research 
The limited evidence from sequential core sampling shows that decades of intensive dairy farm 
management in New Zealand managed grasslands has resulted in no change or a decrease of soil 
carbon content, depending on soil type (Schipper et al., 2014). This contrasts with findings from 
recent carbon balance studies that have reported net uptake of carbon at annual timescales 
(Rutledge et al., 2015; Hunt et al., 2016). This thesis has provided insights to reconcile these 
apparent differences by investigating the effects of irrigation, addition of nitrogen fertiliser and 
grazing, three key management practices, on the components of carbon balance. My findings have 
confirmed that intensive pasture management resulted in a rapid and sustained increase in 
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ecosystem productivity that is almost entirely attributable to changes in the above-ground and soil 
autotrophic components of the carbon balance. These changes may (Rutledge et al., 2015; Hunt et 
al., 2016) or may not (Campbell et al., 2015; this study Chapter 5) result in a net ecosystem carbon 
uptake at annual timescales. But these studies cannot simply be extrapolated to infer long-term 
changes in soil carbon stocks, as annual trends will be sustained only if the balance between 
ecosystem uptake and losses from soil organic matter decomposition remains balanced. My 
research has shown that soil organic matter decomposition is regulated by soil characteristics 
controlling the physical protection of organic matter from microbial degradation, resulting in its 
stability to changes in environmental conditions induced by conversion to intensive pasture 
management. Thus, changes in soil organic matter decomposition are dependent on the stability of 
soil aggregation mechanisms and soil structure and are expected to occur only after decades of 
sustained intensive management. Such changes are also likely to be specific to different soil types 
and site conditions.  
Overall, pasture conversion to intensive dairy farming practices increases productivity, with a 
short-term benefit to the net ecosystem carbon balance at some sites. However, only the long-term 
effect on soil carbon stocks will determine whether intensive dairy production is sustainable 
economically and environmentally. To date, evidence for a long-term beneficial effect on soil carbon 
stocks is lacking. Accurate predictions of changes in carbon stocks depend strongly on our ability to 
develop a mechanistic understanding of the factors regulating soil organic matter decomposition. 
The findings in Chapter 2 suggest the potential existence of rhizosphere priming mechanisms that 
result in increased rates of organic matter decomposition under high levels of nitrogen. This is 
consistent with the suggestions that RH may increase and offset ecosystem carbon gains under 
intensive dairy farming, but further research is required to confirm this in field conditions. A 
mechanistic explanation allowing a generalisation of this observation to other sites and conditions is 
pending. Future research is needed to identify mechanistic linkages between soil organic matter 
dynamics and soil structure. Long-term field experiments should be designed to test the hypotheses 
123 
 
that soil organic matter decomposition may change concurrently with the degree of physical 
protection of organic matter. Measurements of RH along large spatial gradients, including different 
soil types and climates, will help us to understand the relationships between soil structure and 
organic matter decomposition. To assist with this, adoption of the improved natural abundance of 
13C technique developed in this thesis will be a useful tool. Furthermore, investigating the 
rhizosphere priming effect may reveal potential linkages between management practices, soil 
structure and decomposition of soil organic matter. This may be achieved for example by measuring 
changes in the structure and organic matter decomposition of similar soils with plant communities 
exhibiting differences in root characteristics and biomass distribution in the soil profile. Finally, 
accurate characterisation of the response of soil organic matter decomposition to soil temperature 
and water content in controlled conditions with minimal disturbance to the soil structure is critical. 
This will help testing the hypothesis that the physical protection of organic matter in the soil is a 
predominant driver of its rate of decay as well as directly improving model predictions of the fate of 
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APPENDIX A Back extrapolation approach to estimate δ13CRH 
 
During the study presented in chapter 4, in the summer measurement campaign, soil cores were 
excavated for analysis of δ13CRH as described by Zakharova et al. (2014). A of 100 mm diameter steel 
tube was hammered into the soil to a depth of 200 mm and the core removed. The soil from the 
core was broken up loosely and roots and stones were removed by hand and discarded. The root-
free soil was placed into air tight bags (Tedlar® Keika Ventures, Chapel Hill, NC, USA). The bags were 
sealed then flushed quickly three times and filled with approximately 500 ml of CO2 free air. An 
aliquot of gas was removed and the CO2 partial pressure checked to make sure it fell within the 
range 250-750 µmol mol-1 for analysis. Two sets of 12 cores were incubated and compared. The first 
set was sampled at 4, 7.5 and 10 min and the second set at 5, 7.5 and 10 min. This allowed testing 
for potential differences in the kinetics of the exponential decrease in δ13CRH between treatments, 
as well as comparing values of δ13CRH sampled at 4 and 5 min If the CO2 partial pressure in the bag 
was lower than 250 µmol mol-1 when it was first measured at either 4 or 5 min, another core was 
excavated from the same plot and the operation repeated.  
The decrease in δ13CRH during the incubation of root-free soil was modelled as an exponential 
decay function using non-linear, mixed-effect models in the ‘nlme’ package (Pinheiro and Bates, 
2014) using R version 3.2.1 (R Development Core Team, 2014) as:  
δ13𝐶𝑅𝐻 = 𝑎 + 𝑏𝑒−𝑐𝑡 (A1)  
where a is the steady-state value of δ13CRH, b is the difference between a and the value of δ13CRH at 
incubation time zero, c characterises the shape of the curve and t is the incubation time. To account 
for non-independence of repeated measurements through time, the replicate number was included 
as a random effect and an autocorrelation function was included in each model. To determine 
whether one or a combination of the coefficients differed between replicates, the best random 
structure for the model was determined based on comparison of Akaike’s Information Criterion 
corrected for small sample size (AICc), the model with the lowest AICc being the most strongly 
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supported. The initial incubation time, ti, was then introduced to separate the group of replicates 
measured from 4 min from the group measured from 5 min. Models with different and the same 
coefficients for the two groups where ti was different were compared using AICc. The same 
procedure was repeated for the irrigation (I0 or I1) and nitrogen addition (N0 or N1) treatments. 
The best random structure in the exponential decrese model describing the changes in δ13CRH 
with time during the incubation period showed that only parameter a was different between the 
replicates, confirming that the form of the curve was the same for all replicates. There were no 
significant differences between the parameters describing the changes in δ13CRH for different 
nitrogen or irrigation treatments or for different plots. Further, there were no significant differences 
between the parameters describing the changes in δ13CRH from samples incubated from 4 min 
onwards, compared with the samples incubated from 5 min onwards (Fig. 1). This showed that  the 
average value at 4 min was more enriched that the average value at 5 min. This confirmed that back 
extrapolation of the δ13CRH values to 4 min was valid. It was possible to estimate the parameter aj 
for each replicate j from the measured value of δ13CRH at time q (5 min or more) and the parameters 
b and c, common to all replicates, from  
𝑎𝑗 =  δ13𝐶𝑅𝐻,𝑞𝑚𝑖𝑛 − 𝑏𝑒−𝑐𝑞       (A2) 
The set of parameters for the exponential decay of δ13CRH is, however, site specific and likely to 
depend on soil structure (Zakharova et al., 2014) and could vary with season (Snell et al., 2014). 
While these parameters did not differ between treatments in my study, they will need to be 




Figure A: Isotopic signature of respired CO2 from root-free soil, δ13CRH, in response to time for root-
free soils incubated at 4, 7.5 and 10 min and at 5, 7.5 and 10 min. The vertical bars indicate standard 
errors of the mean. 
 
 
